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I. INTRODUCTION 
In the study of plant nutrition the importance of 
Interactions between elements has been clearly pointed out. 
An interaction among nutrients results in one of two pos­
sible effects on plant growth. If the interaction is posi­
tive the joint effect of the nutrient elements is greater 
than the sum of the individual effects. The reverse occurs 
when a negative interaction is present. Both of these 
effects have been demonstrated in plant growth. One factor 
that has been studied and shown to influence interrelation­
ships is the relative concentrations of nutrient elements 
that are available for plant growth. This is important when 
nutrient elements are added to increase plant yields because 
the measured effect of a given element cannot be thoroughly 
evaluated without consideration being given to the available 
supply of other elements. This has an important signifi­
cance in the efficient use of fertilizers. 
Previous experimental investigations with corn grown in 
nutrient solutions or nutrient solution-sand cultures have 
been conducted to study nutritional interrelationships. 
However, in many of these studies these interactions were 
studied with two or three elements being varied. Varying 
results have been reported from experiments that were con­
ducted to study the same interrelationships. These differ­
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ences may have been due to differences in the concentrations 
of the other elements used in growing the plants. 
After reviewing the literature on nutritional studies 
with corn, it seemed that it would be desirable to conduct 
a study in which the effects of the nutritional interrela­
tionships on the dry matter yields and chemical composition 
could be evaluated with the aid of multiple regression 
analyses. With this statistical method certain treatment 
effects that involve interactions can be studied. The 
percent variation in yields that has been explained by the 
statistical response model can also be obtained. 
This study was conducted to investigate the interrela­
tionships among seven different elements that were supplied 
to grow corn. The primary objective of this study was to 
evaluate relationships among N, P, K, Ca, Mg, Na and CI in 
the nutrition and growth of corn in sand culture. Two 
secondary objectives were (a) to determine if multiple re­
gression equations with linear, quadratic and 2-factor 
interaction terms would account for a large part of the 
variation associated with plant and nutrient yields and 
(b) to determine whether certain ionic ratios are constant 
for all treatments. 
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II. REVIEW OF LITERATURE 
A. Cation Absorption by Plants as Affected 
by Cationic Relationships 
Numerous relationships have been reported which show 
that a given cation may increase, decrease or have no effect 
on the absorption of another cation by plants. Some of 
these relationships have been rather intensively studied. 
Collander (l4) grew 20 different species of plants in 
the same vessel with a common nutrient solution. He re­
ported that the absorption of a given cation is most 
strongly depressed by very closely allied cations, that is, 
ions with equal charges. 
Bear and Prince (5) stated that, as a whole, the evi­
dence strongly suggests that Ca, Mg and K may each have not 
only a specific function that cannot be fulfilled by any 
other cation but certain general functions that can be per­
formed by any of these cations. Hoagland (25) pointed out a 
physiological aspect of the interrelations of bases after 
they have been absorbed by the plant in relation to the 
plant sap buffer system, that is, one cation may partially 
take the place of another as a component in the same buffer 
system. 
Hoagland (25) stated that the percentage content of Ca 
in a plant or of Mg, or both, will decrease concomitantly 
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with an increase in K. There is experimental evidence that 
lends support to this statement. For example, Bear and 
Prince (5) grew alfalfa on 20 New Jersey soils and found 
that the sum of the equivalents of Ca, Mg and K per unit of 
plant material tended to be a constant for any given har­
vest. Other workers have reported similar results (15, 57, 
63) .  
Wadleigh (60) pointed out that a low level of K in the 
plant is associated with accumulations of other cations and 
that it is difficult to distinguish between responses 
directly associated with an inadequacy of K and those asso­
ciated with accumulations of other cations. 
1. Relationships between K and Na 
Huffaker and Wallace (28) transferred three-week-old 
corn, soybean and radish plants to solutions with varying 
levels of Na and K for 48 hours to study the effect of K on 
Na absorption. High levels of K were shown to decrease Na 
absorption with the inhibitory effect of K being much 
greater at low concentrations of Na. However, low concen­
trations of K (10~^N and 10"%) stimulated absorption of Na 
in corn at each level of Na. In soybeans Na absorption was 
only slightly affected by low K. This stimulatory effect 
was not observed in radishes. 
It has been reported by Larson and Pierre (37) that the 
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order of crop response to Na fertilization was directly re­
lated to the ease with which the plants absorbed Na. No 
yield response in corn was attributable to Na applications 
and only small amounts of Na were found present in the 
aerial shoots. Truog _et al_. (55) found only very small 
amounts of Na in corn plants for all levels of Na in the 
nutrient solutions. However, they found Na entered the 
roots in appreciable quantities but failed to pass into the 
tops. They stated that the failure of Na to pass into the 
tops was probably due to a restriction at the nodes. In an 
effort to determine the significance of the nodes of corn­
stalks as restrictors to Na movement, McLean (40) conducted 
a diffusion study with sections of cornstalks. From this 
study he found that untreated and treated samples of both 
the nodal and internodal pieces suggest that Na movement is 
restricted in stalks of corn but no more by the nodal than 
by the internodal tissue. 
Bange (4) investigated the relationship between the 
rate of K and Na absorption by corn seedlings in a solution 
culture with various concentrations of these elements. For 
Na absorption in the absence of K there was a rapid increase 
in the rate of Na absorption at the lower concentrations of 
Na in the solution. This decreased as the level of Na was 
increased in the solution. In the presence of K a strong 
inhibition of Na absorption occurred at low levels but this 
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effect decreased with increasing levels of Na. K absorption 
in the presence of Na was strongly affected at K concentra­
tions above 0.02 mi1liequivalents per liter. He postulated 
that two carriers are operative : (a) a highly selective 
carrier transporting K only and hardly affected by Na and 
(b) a non-selective carrier that transports both K and Na. 
The results obtained from absorption experiments that 
were conducted by Epstein and Hagen (l8) help to support the 
proposal by Bange (4) that two different metabolic carriers 
are involved in the absorption of K. They found that K 
interfered with Rb absorption in excised barley roots and 
concluded that Rb and K are bound by the same metabolic 
binding site. If the concentration of Rb did not exceed 1 
milliequivalent per liter, Na concentrations above 10 milli­
equivalents per liter interfered with Rb uptake, whereas, 
Na concentrations of 10 milliequivalents per liter and below 
failed to interfere. They also found that at higher Rb con­
centrations Na, even at low concentrations, depressed Rb 
absorption; this effect became progressively less pronounced 
at higher Na concentrations so that little, if any, differ­
ence in Rb uptake was noted between 5 and 10 milliequiva­
lents per liter of Na. In a later publication Epstein (lo) 
reported that Na does not compete readily for joint K and 
Rb absorption sites at low to moderate concentrations. 
Holt and Volk (26) grew seven different species of 
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plants in a nutrient solution-sand culture. According to 
their data, as the supply of K was increased for all plants, 
the effect on Na uptake in the plant tissue was a rapid 
initial decrease which resulted from the additions of small 
amounts of K. Each increase in the supply of K resulted in 
a lower yield of Na in the plant tissue. The effect of Na 
additions on K content in the plant tissue was very small. 
With young barley seedlings grown in the absence of 
both Ma and K, Mullison and Mullison (44) reported that K 
deficiency symptoms appeared much earlier and were much more 
severe than when Na was present. They concluded that in 
young stages of growth Na can and does replace K to some ex­
tent even though it cannot replace it entirely. 
Wallace et al. (64) grew alfalfa in a nutrient solution-
sand culture to study the influence of Na on growth and 
chemical composition. When Na was added to the solutions 
there was an increase in percent K for all values reported. 
Most of the absorbed Na was present in the stems. Conse­
quently, they stated that this suggested a replacement of K 
by Na rather than an important physiological function of Na 
alone. 
With orange and grapefruit seedlings grown in a 
nutrient solution-sand culture Chapman and Brown (12) found 
that high concentrations of Na delayed acute K deficiency 
symptoms. It was suggested that the delaying effect of a 
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high Na concentration was not due to its substitution for 
any function of K but rather to an ""antagonistic" effect on 
Ca and Mg which tended to offset the aggravating effect of 
the divalent ions. They stated that leaf analyses lended 
support to this view. 
Jacobson _et al. (31) obtained data that showed a de­
crease in K absorption by excised barley roots with the 
addition of NaCl. 
In a review article Richards (50) stated that the most 
likely relationship of Na and K may be summarized as this: 
Na cannot perform the primary essential function of K. When 
K is too low to exert this primary function adequately toxic 
accumulations of other elements may occur producing charac­
teristic symptoms and reducing growth still further or even 
leading to plant necrosis. Na may hinder or entirely sup­
press such accumulations thus improving the general condi­
tion. 
2. Relationships between Ca and Mg 
Beckenbach et al. (6) reported that the Mg content of 
corn tissue from a nutrient solution-sand culture experiment 
was directly related to variations in the Ca concentrations 
in the substrate. However, Ca content was unaffected by 
variations in Mg concentrations. 
Taylor ($4) conducted an experiment with corn grown in 
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a nutrient solution culture. The chemical determinations 
were made on samples that consisted of a composite sample of 
the seventh, eighth and ninth leaves. With Ca, a supply of 
75 ppm. Mg in the solution resulted in a significant in­
crease in percent Ca as compared with the percent Ca present 
at the 3 ppm. Mg level. However, the 300 ppm. Mg level re­
sulted in a highly significant and a significant decrease in 
percent Ca when compared with the 3 and 75 ppm. Mg levels, 
respectively. 
In a nutrient solution-sand culture experiment Cain 
(11) reported a decrease in Mg content of the apple tree 
foliage at a Ca level of 3 milliequivalents per liter, but 
at two lower levels of Ca there was a slight increase. Ca 
decreased in the foliage with increases in the Mg supply. 
In an absorption study that was conducted with excised 
barley roots, Moore et al. (43) reported that metabolic Ca 
absorption was either completely absent or too small to be 
measured by the technique they used. However, small amounts 
of Ca very effectively blocked a large fraction of the Mg 
absorption. It was concluded that the action of Ca is at 
some point other than at the metabolic binding site. They 
postulated that Ca acts by altering the selective properties 
of the cell surface region. Epstein (l6) also stated that 
Mg is bound loosely, if at all, by the sites which transport 
Ca. 
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Moore et al. (42) proposed that surface migration of Ca 
through the root cortex into the transpiration stream is 
one possibility to account for the observed uptake of Ca by 
intact plants. According to this proposal an ion may move 
from the external solution along cell surfaces into the 
xylem without ever being actively absorbed. 
3. Relationships among monovalent and divalent cations 
Wadleigh and Shive (6l) reported a high K absorption by 
corn had a depressing effect on Ca and Mg absorption. 
Beckenbach _et al. (6) found that the Mg content of corn was 
directly related to variations in the Ca concentrations in 
the nutrient solution and inversely related to variations in 
the K concentrations. They reported that the Ca content was 
unaffected by variations in K and Mg concentrations. K con­
tent was inversely related to variations in Ca concentra­
tions. 
Kahn and Hanson (35) conducted a nutrient solution ex­
periment with varying Ca:K ratios for growing corn and 
soybeans. They stated that altering the Ca:K ratio of the 
solutions produced no significant differences in plant 
growth during a 4-week period or in the Mg content of either 
species. 
The plant composition data for table beets, oats and 
corn which were obtained by Larson and Pierre (37) showed 
11 
that in most cases the addition of Na or K decreased the Ca 
or Mg content of the plants. Wall (62) found that percent­
ages of Ca and Mg were generally higher in tomato plants 
with a low percentage of K. Wallace et al. (63) reported 
that with increasing concentrations of K in the nutrient 
solution for growing alfalfa relatively more K tended to 
accumulate in the stems and relatively more Ca accumulated 
in the leaves. 
Cain (ll) found that the Ca and Mg content in apple 
trees decreased sharply with increasing K content but not in 
exact chemically equivalent amounts. The increase in K con­
tent was usually greater than the combined decrease in Ca 
and Mg content. At high levels of Ca and Mg the effect was 
less marked. The K content of the leaves was decreased by 
increasing the Mg supply but less with increasing the supply 
of Ca. 
With three successive crops of rooted lemon cuttings, 
oats and an oat-radish mixture grown in sand with the 
nutrients supplied on ion-exchange resins, Welch al. (66) 
found K increased generally in all crops with increases in 
the levels of K, Ca and Mg. The plant content of Ca and Mg 
simultaneously decreased with an increase in cation levels. 
Kahn and Hanson (35) conducted an experiment to study 
the effect of Ca on the absorption of K by excised corn and 
soybean roots and found that at a solution concentration of 
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39 ppm. K, Ca promoted K uptake In corn roots and inhibited 
it in soybean roots. However, the maximum rate of K accumu­
lation in the corn roots was obtained at approximately 45 
ppm. Ca and a slight decline was noted as the concentration 
of Ca was increased. The range in Ca concentrations for 
this experiment was 0 to 200 ppm. They stated that for both 
corn and soybean roots, Ca increased the affinity between 
the K ion and the postulated carrier; in a second reaction, 
independent of the first, Ca decreased the velocity of the 
metabolic phase of K uptake. The net result of the two 
effects was to reduce the maximum K accumulation in the 
presence of Ca more in soybeans than in corn. 
Overstreet et al. (47) conducted experiments to study 
the effect of Ca on the absorption of K by excised barley 
roots. The data they obtained for the effect of K on Ca 
absorption showed that as K concentration was increased 
there was an initial rapid drop in Ca uptake followed by a 
considerably slower rate of decline in uptake. They stated 
that the best interpretation of this is that Ca is taken up 
both in the absorbed and adsorbed form and K has a pro­
nounced inhibitory effect on that fraction of the Ca which 
is absorbed and a considerably smaller inhibitory effect on 
the adsorbed fraction. The results showed a stimulatory 
effect of Ca on K absorption which increased as the Ca con­
centration increased. With decreasing KC1 concentrations 
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Ca had an increasingly stimulatory effect down to a concen­
tration of 2 x 10"4 N KC1 and below this concentration of K 
the stimulatory effect of Ca diminished and eventually Ca 
depressed K absorption at very low KC1 concentrations. In 
order to explain the stimulating effect the authors postu­
lated that Ca functions as a co-factor in the utilization of 
the K complex produced during absorption. 
On the basis of an experiment with excised barley roots, 
Viets (58) reported that a ratio greater than 30 Ca ions to 
one K ion in the solution was necessary before K absorption 
could be depressed below the absorption of K from a KBr 
solution. Other work by Viets (59) showed that barley roots 
responded to Ca during simultaneous K and Br absorption re­
gardless of their initial Ca content. Mixtures of Ca and Mg 
sulfates produced an increase in salt absorption of the same 
general magnitude as did these salts used individually. 
With excised roots from six species of plants, Jacobson 
et al. (29) obtained data that showed an increase in the 
uptake of K and a decrease for Na and Li when 5 milliequiva­
lents per liter of CaBr^ were applied. They stated that the 
essentially constant sum of the absorption of Na and K in 
spite of large changes in the ratio of absorbed Na and K 
caused by the presence of Ca suggests a common metabolic 
carrier. They thought that it is reasonable to assume that 
Ca has a great deal to do with the affinity that many plants 
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exhibit in the absorption of K as compared to Na. 
Jacob son _et al. (30) found that large differences in 
absorption behavior are caused by changing the root to 
solution ratio in absorption experiments. They stated that 
the liberation of Ca and other absorption modifying sub­
stances from the roots are the most important factors and 
that much of the effect of increased root to solution ratios 
can be accounted for by Ca liberation. They further stated 
that composition and concentration of the absorbing solution 
are important in determining the amount of Ca released from 
the roots. 
Epstein (l6) stated that, in the process of absorption 
by plant roots, different ions may compete with each other, 
may fail to compete or finally one kind of ion may increase 
the rate of absorption of another. He further stated that 
neither Na nor Li compete readily for the joint K and Rb 
sites at low to moderate concentrations and Mg is bound 
loosely, if at all, by the sites which transport Ca and Sr. 
Generally K is more readily absorbed by plants than the 
other cations. Pierre and Bower (49) stated that K has a 
higher "competitive ability" than other common cations and 
the decrease in K from high concentrations of other cations 
is not so pronounced as is the effect of K on the absorption 
of Ca or Mg. Peech and Bradfield (48) also stated that the 
inverse relationship of Ca and K in plants may be regarded 
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as being primarily controlled by the available supply of K 
and comparatively little affected by the available Ca supply 
in the nutrient medium. 
B. Anion Absorption by Plants as Affected 
by Anionic Relationships 
The interrelationships among anions in plant nutrition 
have not been as intensively studied as those of the cations. 
Anion competition has been quoted as one explanation for the 
inverse relationships observed in anion uptake. 
Glover (20) reported that the uptake of nitrate N by 
corn depended not only on the level of N but also on the 
level of P. The uptake of P depended only on the level of P 
and not on the level of N within wide limits. Beckenbach 
et al. (6) also reported that the P content of corn tissue 
was relatively unaffected by the concentration of other ions 
in the nutrient solution. They found that the N content was 
unaffected by variations of other anions in the substrate. 
Working with plants grown in a nutrient-solution-gravel 
culture, McLean (39) showed that the percent P in the corn 
tops decreased as the N percentages in the roots increased. 
No data were presented for percent N in the tops. 
From corn grown in nutrient solution-sand cultures 
Bennett (8) showed that for a given level of nitrate N the 
total P uptake was increased as the level of P was increased. 
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However, at 28 and 53 ppm. of P the maximum amount of P 
uptake occurred when the level of nitrate N was 150 ppm. in 
the growing solution. 
From a study with excised "barley roots, Epstein (17) 
reported that CI interferes with Br absorption and that this 
indicates identical binding sites. The nitrate ion did not 
interfere with Br for the Br absorption site thus indicating 
that CI and nitrate N do not compete for this particular 
metabolic binding site. 
C. Cation-Anion Absorption by Plants as Affected 
by Cationic-Anionic Relationships 
Homes (27) pointed out that one of the most striking 
facts in the study of plant nutrition is the importance of 
interactions between elements. He stated that they have 
succeeded in experimentally demonstrating the fact that 
cationlc and anionic balances are widely independent of each 
other. Several research workers have reported results from 
nutritional studies which indicate that cationlc and anionic 
balances are not independent of each other (6, 54, 62). 
Overstreet and Jacobson (46) also stated that a slowly 
absorbed cation or anion exerts a depressing effect on the 
absorption of its associated ion. According to Homes (27) 
they have succeeded in establishing the fact that the effect 
of varying the proportions of two elements in a nutrient 
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medium, everything else being constant, depends exactly on 
their relative proportions and that the optimum proportion 
is independent of the total absolute concentration. 
From an experiment with corn grown in a nutrient 
solution-sand culture, Beckenbach et al. (6) reported the 
following relationships: (a) Mg content of the corn tissue 
was directly related to variations in the nitrate and Ca 
concentrations in the substrate; (b) Ca content was directly 
affected by levels of applied nitrate; (c) K content was in­
versely related to levels of applied nitrate; (d) N content 
was inversely affected by levels of K and Ca in the sub­
strate; and (e) P content was relatively unaffected by vari­
ations in the concentration of any of the nutrient ions in 
the substrate. 
Taylor (54) conducted an experiment with corn in a 
nutrient solution culture with three levels of Mg. He found 
a significant decrease in the N, P, K and S content in a 
composite sample of the seventh, eighth and ninth leaves as 
the level of applied Mg was decreased. 
For corn grown in a nutrient solution-gravel culture, 
McLean (39) found that increasing levels of N resulted in 
increased percentages of Ca and Mg in the shoots but in 
decreased percentages of P and K. The percent Na in the 
plant was unaffected by different levels of N. 
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Data were presented by Wall (62) that showed the P 
content In tomato plants grown In a sand culture was gener­
ally decreased by the addition of K in the external solution. 
The Ca content of the stems also was generally decreased 
with increasing levels of K but the Ca content of the leaves 
fluctuated somewhat. He stated that very probably the ion-
absorbing capacity of the roots of K deficient plants which 
are not actually dying is not diminished since the uptake of 
other ions is actually increased by K deficiency. 
Arnon (2) reported that oats grown in a nutrient solu­
tion culture where ammonium was supplied had a higher P and 
a lower Ca, Mg and K content than the plants supplied with 
nitrate N. He explained this difference on the basis of 
cation and anion competition. 
In guayule plants grown in sand, Cooil (15) found rela­
tively little difference whether the individual or total 
anion content of the plants was produced by varying the 
levels of K, Ca and Na. Loustalot and Winters (38) grew 
seedlings of Cinchona ledgeriana in coarse silica sand. The 
leaves of the plants grown at the low and medium N level 
contained increased percentages of Ca and P as the P supply 
increased but the percentages of N, K and Mg decreased. 
Jacobson and Ordin (33) stated that cation and anion 
equivalency is accomplished by the absorption and exchange 
of and by metabolic gains or losses of ions within the root. 
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They found that when an excess cation absorption occurred 
the exchange for previously absorbed cations and the produc­
tion of malate were the most important means of compensation. 
The exchange reaction was particularly significant in older 
roots of barley, soybeans, white squash, alfalfa and lettuce 
whereas the synthesis of malate predominated in barley seed­
ling roots. With an excess anion absorption much of the 
compensation was due to a decrease in malate content. 
D. Ion Absorption by Plants as Affected 
by Other Relationships 
1. pH-nutrient relationships 
Wadleigh and Shive (6l) presented data for corn grown 
in a nutrient solution-sand culture which showed the total 
K, Ca and Mg were relatively constant over a reaction range 
of pH 4 to pH 8. In this range the total milliequivalents 
of these bases were constant. 
Working with tomatoes, lettuce and Bermuda grass grown 
in a solution culture, Arnon and Johnson (3) concluded that 
adverse effects of external reactions are encountered only 
at extremes of acidity and alkalinity (pH 3 and pH 9). 
Working with excised barley roots, Jacobson £t aJ. (34) 
found that Br absorption was reduced as the hydroxyl ion 
concentration increased whereas K absorption was affected 
little at pH values above 5. Their data showed that the 
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effect was large only at extremes in hydrogen and hydroxyl 
Ion concentrations. In other work with excised barley roots, 
Jacobson _et al. (32) found that Ca stimulated the uptake of 
K at pH values below 6.5. Above pH 6.5 Ca exerted a de­
pressing effect on K absorption; this effect increased with 
pH. At a pH above 4, Ca had a depressing effect on Na up­
take by the roots. They considered the stimulating effect 
of Ca on the uptake of K as being essentially a blocking of 
interfering ions probably at the cell surfaces. 
Hagen and Hopkins (21), in a study with excised barley 
roots, obtained data that showed P absorption from very low 
concentrations of P in solution was reduced with an increase 
in pH above pH 5. However, their data showed that as the 
concentration of P was increased the reduction in P uptake 
occurred at higher pH values. 
2. Significance of cation ratios 
It has been stated by Harmer and Benne (22) that a 
narrow K:Na ratio in a plant indicates a crop which probably 
responds to Na and a wide ratio indicates a non-responsive 
crop. According to Collander (l4) the K:Na ratio in twenty 
different species of plants grown simultaneously in the same 
nutrient solution varied from 0.43 to 44.29. Corn had the 
largest ratio. 
McLean (40) grew corn with nutrient solutions in which 
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zero, one-fourth, one-half and three fourths of the K was 
replaced by Na. He found that the aerial portions of the 
corn plants did not contain significantly higher concentra­
tions of Na when grown in the higher Na medium. These re­
sults indicate that changes in K:Na ratios in corn plants 
are largely due to changes in the K content. 
Stanford et al_. (53) found that a ratio of Ca plus Mg 
to K of less than 3-5 In corn indicated a favorable balance 
among these elements, whereas a ratio of 3.5 to 5 indicated 
a transition between favorable and unfavorable cation 
balance in the plant. 
22 
III. EXPERIMENTAL PLANS AND PROCEDURES 
A. Greenhouse Experiment 
A greenhouse study was conducted with a nutrient 
solution-sand culture to evaluate some of the interrela­
tionships among N, P, K, Ca, Mg, Na and CI as manifested by 
growth and chemical composition of corn. In this experiment 
the levels of the 7 elements listed above were varied in the 
nutrient solutions while the levels.of S, B, Cu, Zn, Mo and 
Mn were constant. The different levels of these elements 
and the different treatment combinations are listed in Table 
1. Prior to selecting the 5 levels of N, P, K, Ca and Mg an 
upper and lower level of each element was established pri­
marily on the basis of experiments conducted by Bennett (8) 
and Beckenbach et al. (7). The levels of Na and 01 could 
not be set at a specified level for each treatment. In 
order to obtain the specified levels of N, P, K, Ca and Mg . 
in the treatments and maintaining S constant (80 ppm.) 
varying levels of Na and CI were required. 
The treatment combinations of the different levels of 
N, P, K, Ca and Mg were made according to a 5-variable cen­
tral composite second order design that is described by 
Cochran and Cox (13) with 3 modifications. The modifica­
tions were (a) a complete 2n factorial for the coded -1 and 
1 levels when n = 5, (b) only 1 treatment with the coded 0 
Table 1. Treatment numbers, concentrations of N, P, K, Ca, Mg, Na and CI in ppm. 
and the coded levels of N, P, K, Ca and Mg in culture solutions for 
corn 
Treatment _N P K Ca Mg Na CI 
mber ppm. code ppm. code ppm. code ppm. code ppm. code ppm. ppm. 
1 30 -2 45 0 130 0 130 0 65 0 0 233 
2 270 2 45 0 130 0 130 0 65 0 243 0 
3 150 0 5 -2 130 0 130 0 65 0 16 0 
4 150 0 85 2 130 0 130 0 65 0 76 0 
5 150 0 45 0 30 -2 130 0 65 0 105 0 
6 150 0 45 0 230 2 130 0 65 0 0 20 
7 150 0 45 0 130 0 30 -2 65 0 l6l 0 
8 150 0 45 0 130 0 230 2 65 0 0 106 
9 150 0 45 0 130 0 130 0 5 -2 159 0 
10 150 0 45 0 130 0 130 0 125 2 0 104 
11 150 0 45 0 130 0 130 0 65 0 46 0 
12 210 1 25 -1 80 -1 80 -1 35 -1 273 0 
13 90 -1 65 1 80 -1 80 -1 35 -1 106 0 
14 90 -1 25 -1 180 1 80 -1 35 -1 53 55 
15 90 -1 25 -1 80 -1 180 1 35 -1 20 91 
16 90 -1 25 -1 80 -1 80 -1 95 1 27 100 
17 210 1 65 1 80 -1 80 -1 35 -1 303 0 
18 90 -1 65 1 l8o 1 80 -1 35 -1 49 3 
19 90 -1 25 -1 l80 1 l8o 1 35 -1 0 150 
20 90 -1 25 -1 80 -1 180 1 95 1 0 235 
21 210 1 25 -1 80 -1 80 -1 95 1 162 4 
Table 1. (Continued) 
Treatment S E E =â "S Mï_ _Ç1 
mber ppm. code ppm. code ppm. code ppm. code ppm. code ppm. ppm 
22 90 -l 65 1 80 -1 80 -1 95 1 1 14 
23 210 1 25 -1 80 -1 180 1 35 -1 158 0 
24 90 -1 25 -1 l8o 1 80 -1 95 1 0 148 
25 210 1 25 -1 l8o 1 80 -1 35 -1 214 0 
26 90 -1 65 1 80 -1- 180 1 35 -1 50 91 
27 90 -1 25 -1 180 1 180 1 95 1 0 325 
28 210 1 25 -1 80 -1 l8o 1 95 1 110 100 
29 210 1 65 1 80 -1 80 -1 95 1 192 4 
30 210 1 65 1 180 1 80 -1 35 -1 244 0 
31 90 -1 65 1 180 1 180 1 35 -1 49 180 
32 210 1 25 -1 180 1 l8o 1 35 -1 99 0 
33 90 -1 65 1 180 1 80 -1 95 1 0 103 
34 210 1 65 1 80 -1 180 1 35 -1 188 0 
35 90 -1 65 1 80 -1 180 1 95 1 1 191 
36 210 1 25 -1 180 1 80 -1 95 1 166 100 
37 90 -1 65 1 180 1 180 1 95 1 1 191 
38 210 1 25 -1 l8o 1 l8o 1 95 1 51 100 
39 210 1 65 1 80 -1 180 1 95 1 77 4 
40 210 1 65 1 l8o 1 80 -1 95 1 133 4 
41 210 1 65 1 180 1 180 1 35 -1 129 0 
42 90 -1 25 -1 80 -1 80 -1 35 -1 76 0 
43 210 1 65 1 180 1 180 1 95 1 81 100 
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levels, and (c) 2 replications of each treatment. The ppm. 
and coded levels of N, P, K, Ca and Mg and the ppm. of Na 
and CI are listed in Table 1. 
To supply the minor elements, a solution which con­
tained 1 g. MnClg, 1 g. H^BOy 0.1 g. ZnSO^'7 HgO, 0.02 g. 
CuSO^-5 HgO and 0.04 g. (Na)gMoO^«2 H^O per liter was pre­
pared. This minor element solution was added at the rate of 
4 milliliters per 3.84 liters of the growing solution. 
Two different sources of Fe were used in the growing 
solutions. Initially sodium ferric diethylenetriamine 
pentaacetate was added to the growing solutions at the rate 
of 4 milliliters of a 5.2 percent solution per 3.84 liters 
of growing solution. An apparent Fe deficiency was present 
in some of the plants 23 days after planting. When a 1 
percent solution of ferrous-ammonium sulfate was applied to 
an area on the leaf, the response obtained was an increase in 
the intensity of the green color. On the basis of this 
ferrous-ammonium test the Na salt of ethylenediamine-
tetraacetic acid was applied at the rate of 4 milliliters of 
a 4.75 percent solution per 3.84 liters of growing solution. 
This eliminated the chlorotic condition. 
For the addition of the nutrient solutions a system 
employed by Bennett (8) in previous greenhous experiments 
was used. One-gallon glass jugs painted with aluminum paint 
to prevent algal growth were used as reservoirs for the 
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nutrient solutions. A 2-holed rubber stopper with glass 
tubing, in each hole was placed in each jug. The stopper was 
held in place by a hose clamp around the neck of the jug and 
a piece of wire hooked over the rubber stopper. Each end of 
the wire was fastened to the hose clamp. One piece of glass 
tubing which extended almost to the bottom of the jug was 
connected to a 1-holed rubber stopper fitted with a glass 
tube by means of rubber tubing. This stopper was placed in 
the hole at the base of a number 2 ceramic pot. The short 
pieces of glass tubing in the stoppers in the reservoirs 
were connected with rubber tubing to a common source of com­
pressed air. When the compressed air was turned on, the 
nutrient solutions were forced up into the sand in the pots; 
when it was turned off, the nutrient solutions drained back 
into the jugs. To prevent sand from moving back into the 
jugs a piece of glass wool was placed over the end of the 
glass tube on the inside of each pot. 
The experimental design used was a randomized block 
with 2 replications of each treatment. Eighty-six pots that 
contained 10 kilograms of white sand per pot were placed on 
3 tables in the greenhouse so that approximately 9 inches 
were between each pot in the row and 11 inches between the 3 
rows of pots on each table. The space provided by l\ tables 
was occupied by each block. To minimize any effects due to 
variation in temperature and light in the greenhouse the 
27 
pots were rotated within blocks each time the nutrient solu­
tions were renewed. 
On June 20, 1958, 8 kernels of a single-cross corn 
variety B-14 x 38-11 were planted in each pot. Seedlings 
began emerging on June 23 and had completely emerged by 
June 27. From the time of planting until the nutrient solu­
tion was first applied the sand was kept moist by the addi­
tion of distilled water twice each day. 
Nutrient solutions were first added 12 days after the 
corn was planted. The solutions used during the first week 
were one-half the concentrations of the solutions that are 
described. On the sixteenth day after planting the nutrient 
solutions were changed to the concentrations that are listed 
in Table 1. The solutions were renewed every fourth day for 
the next 16 days, then every third day for 6 days and 
finally twice on a 2 day interval prior to harvesting. The 
pots were flooded with the solutions and allowed to drain 4 
times each day. The approximate times of flooding were 
8 a.m., 12 noon, 4 p.m. and 8 p.m. 
The number of plants in each pot was thinned to 4 on 
July 9. In thinning the plants an attempt was made to leave 
4 equally spaced and uniform plants in each pot. In order 
to obtain more uniformity relative to size, an additional 
plant was removed from each pot on July 19. 
The plants were harvested on August 5. The leaf blades 
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were first removed from the stalks and then the stalks were 
cut off at the sand surface. The leaf sheaths were har­
vested as part of the stalks. Immediately after 2 pots were 
harvested the plants were weighed to determine fresh weight 
and placed in a forced air drier at 65° C. These samples 
were dried for 6 days, weighed again, ground in a Wiley mill, 
mixed and stored in glass bottles. After the plants were 
harvested the sand was washed away from the roots. These 
samples were dried, weighed, ground and stored in the same 
manner as the leaf and stalk portions. 
B. Chemical Methods of Plant Analysis 
Prior to analyzing the leaf, stalk and root samples for 
total N, P, K, Ca, Mg, Na and CI all samples were dried at 
65° C. for 24 hours. The percentages for chemical composi­
tion are reported on this basis. 
Total N was determined by a modification of the 
Kjeldahl method as described by Black (9). One gram samples 
were digested in a sulfuric-salicylic acid mixture with 
mercuric oxide as a catalyst and with sodium thiosulfate to 
raise the boiling point. After digestion distilled water, 
mossey zinc, sulfurâted potash and a 50 percent solution of 
NaOH were added to the digest. The ammonia was then dis­
tilled over into a 4 percent boric acid solution which con­
tained a mixed indicator of methyl red and brom eresol 
29 
green. To determine the amount of ammonia present, the 
solution was titrated with standard HgSO^ . To check the 
procedure for N recovery a standard of 1, 3-Diphenylguanidine 
was used. One standard was included for each set of 10 
samples analyzed. 
In the determination for P, K, Ca, Mg and Na, 2 g. of 
plant material were digested with nitric and perchloric acid 
as outlined by Black (10). After the plant material had 
been digested the residue was made up to 100 milliliters 
volume and aliquots were taken for the different analyses. 
The molybdate-vanadate method as described by Black 
(10) was used to determine P. Five milliliter aliquots of 
the diluted digest were pipetted into 150 milliliter beakers. 
Then 5 milliliters of 2 N nitric acid were added. The solu­
tions were then evaporated to dryness on a steam plate. By 
means of pipettes 5 milliliters of 0.1 N nitric acid and 25 
milliliters of water were added to the dry residue in each 
beaker and mixed by swirling. The beakers were set aside 
for 10 minutes and the solutions swirled again. A 5 milli­
liter aliquot of the solution was then pipetted into test 
tubes of approximately 50 milliliters capacity. Then 25 
milliliters of molybdate-vanadate solution were added. The 
resulting solutions were thoroughly mixed and set aside. 
After a period of at least 1 hour the transmittancy of the 
solutions was measured with an Evelyn Photoelectric 
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Colorimeter using a 420 m|i filter. With the aid of a stand­
ard curve the transmittancy readings were converted into 
percent P in the plant material. 
K was determined with a Perkin-Elmer flame photometer. 
Aliquots of the diluted digest were pipetted into 100 milli­
liter volumetric flasks. Then 25 milliliters of an 1800 
ppm. solution of Li were added and diluted to volume with 
distilled water. These solutions were used for K determina­
tions. With the aid of a standard K curve the flame photo­
meter readings were converted into percent K in the plant 
material. 
Na was determined with the flame photometer in a simi­
lar manner as K with one modification. This modification 
was to increase the concentrations of P, K, Ca and Mg in the 
solutions that were used for Na determinations. The in­
creases in concentrations for these elements were 800 ppm. 
for P, l40C ppm. for K, 100 ppm. for Ca and 140 ppm. for Mg. 
These concentration increases were made to mask non-uniform 
interferences that occurred in determining Na in the origi­
nal plant material. 
Ca and Mg were determined by a modification of the 
ethylenediamine tetraacetic acid titration method as de­
scribed by Ward and Johnston (65). The modifications were 
the use of a calcein-thymolphthalein indicator solution for 
Ca determinations and a calcon indicator for Mg determina­
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tions. The calcein-thymolphthalein indicator solution is a 
modification of the indicator described by Tucker (56). 
This solution was prepared by dissolving 1 g. of calcein W 
(G. Frederick Smith Chemical Co.) and 0.25 g. of thymol-
phthalein indicator in 12 milliliters of 1 N NaOH and 
diluting to 50 milliliters with distilled water. The pro­
cedure for preparing the calcon indicator solution was 
according to Hildebrand and Reilley (24) and consisted of 
dissolving 0.2 g. of calcon indicator (CI 202, J. T. Baker 
and Co.) in 50 milliliters of methanol. 
CI was determined by a method that is described by Ward 
and Johnston (65). This is a volumetric method in which CI 
in an acid solution is precipitated as silver chloride with 
a measured amount of silver nitrate. The silver nitrate re­
maining after precipitation is titrated with ammonium 
thiocyanate using ferric alum as an indicator. For this de­
termination aliquots were taken from a separate 1 g. plant 
digest that had been diluted to 100 milliliters volume. 
Since all of the sand could not be removed from the 
root samples, the percent of sand in the samples was deter­
mined so that all values could be reported on the basis of 
sand-free plant material. In order to determine the amount 
of sand remaining on the roots a 0.5 g. sample was weighed 
on an analytical balance and placed into a 15 milliliter 
porcelain crucible of known weight. The sample was ashed 
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at 600° C. for 3 hours. After cooling, 5 milliliters of 
1 N HNO-3 were added. The contents in the crucible were 
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stirred and after a period of 30 minutes the supernatant 
liquid was decanted. Two more additional washings were made 
with the HNOg. The crucible was then placed on a steam 
plate to evaporate the remaining HNOy The crucible was 
then placed in an oven at 110° C. for 1 hour. When the 
crucible was removed from the oven it was placed in a 
desiccator and allowed to cool. After the crucible had been 
reweighed the amount of sand in the sample was determined. 
This value was used in calculating the amount of sand-free 
plant material. 
C. Statistical Methods 
Methods for the statistical analyses followed are given 
by Cochran and Cox (13), Snedecor (52) and Kempthorne (36). 
Part of the statistical computations were made by the IBM 
650 Computer at the Iowa State University Statistical 
Laboratory. All of the multiple regression statistics and 
the analyses of variance of the data from the 32 treatments 
that comprised the factorial part of the design were made on 
a desk calculator. Also, all of the sums of squares for the 
analysis of variance for regression except the replication 
and treatment sums of squares were made on a desk calculator. 
The multiple regression equations were computed 
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according to a method that is outlined by Cochran and Cox 
(13). The standard errors (S^  ) for the partial regression 
coefficients were computed according to the procedure listed 
by Kempthorne (36). The mean square for the deviations from 
regression are used as an error term for computing Sh . 
i 
The t-test was used to test the null hypotheses that 
the true partial regression coefficients are equal to 0. 
The method for computing the t-values is given by Snedecor 
(52). 
An analysis of variance for regression was computed for 
each regression equation. The replication and treatment 
sums of squares are also included in these analyses. 
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IV. RESULTS AND DISCUSSION 
Many investigations into the interrelationships of 
inorganic ions in plant nutrition have been reported in the 
literature. However, in many cases different interrelation­
ships have been reported for experiments conducted with only 
2 or 3 elements being varied. After reviewing the litera­
ture it seemed that it would be highly desirable to conduct 
an investigation on the interrelationships among several 
different elements in a plant nutritional study with corn. 
Corn was grown in a nutrient solution-sand culture in 
the greenhouse in order to elaborate the interrelationships 
among ions in relation to plant growth and nutrient content. 
The objectives of the study were to investigate the interre­
lationships among 7 ions as manifested by yield of dry 
matter and chemical content and the results are reported 
below. 
A. Effect of Applied Nutrients on Dry Matter Yields 
Plants made a very rapid growth in all pots of the ex­
periment. However, in some cases, visual deficiency symp­
toms were noted during the growing period. N deficiency 
symptoms similar to those often observed in the field were 
apparent in plants growing at the 30 and 90 ppm. levels of N 
in the nutrient solution. The leaves were light green in 
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color and in the most pronounced cases there were necrotic 
areas on the lower leaves. For the other elemental effects 
there were no readily apparent deficiency symptomsj however, 
growth differences in respect to plant height and stalk 
diameters were noted. The simple correlation coefficient 
between dry matter yields of the aerial portion of the 
plants and plant height (r = 0.7105J1 was highly significant. 
1. Dry matter yields at varying nutrient levels 
Shown in Table 2 are the leaf, stalk and root dry 
matter yields for the different treatments. Each value is 
the average yield that was obtained from 2 replications. 
For the 32 treatments that were made up of the 1 and -1 
levels of N, P, K, Ca and Mg the treatment combination of 
-1 N and 1 P, 1 K, 1 Ca and 1 Mg produced the lowest total 
dry matter yields. When the levels of P, K, Ca and Mg were 
lowered to -1, there was an increase in dry matter yield. 
This can be observed in Table 2 when the dry matter yield of 
treatment 37 is compared with the yield obtained from treat­
ment 42. The percent N on a dry weight basis was higher in 
the lower yielding treatment but on a green weight basis the 
H^ereinafter, the 0.05 and 0.01 significance prob­
ability levels, Snedecor (52), will be referred to as the 5 
percent and the 1 percent levels, respectively. The terms 
"significant" and "highly significant" refer to the 5 per­
cent and 1 percent levels, respectively. In the tables these 
respective levels of probability are designated by * and **. 
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Table 2. The treatment effects on mean dry matter yield of 
leaves, stalks and roots and the total dry matter 
yield of corn plants in grams per pot grown in 
nutrient solution-sand cultures in the greenhouse 
Treamenta 
number Leaves Stalks Roots Total 
1 10.09 7.86 7.27 25.22 
2 34.02 21.02 10.25 65.29 
3 25.32 19.04 10.20 54.56 
4 32.84 19.18 10.68 62.70 
5 30.31 16.74 7.36 54.41 
6 44.75 29.42 17.84 92.01 
7 32.72 21.01 11.46 65.19 
8 43.78 29.40 14.77 87.95 
9 30.68 17.97 9.49 58.14 
10 42.82 28.46 17.40 88.68 
11 36.96 22.56 12.21 71.73 
12 31.49 18.42 10.42 60.33 
13 25.14 18.01 10.81 53.96 
14 28.67 23.31 13.03 65.01 
15 26.42 18.98 9.42 54.82 
16 26.55 20.54 12.68 59.77 
17 28.58 16.66 8.82 54.06 
18 30.89 25.86 12.48 69.23 
19 31.34 24.84 16.57 72.75 
20 26.82 20.06 12.21 59.09 
21 34.88 20.44 9.74 65.06 
22 27.30 20.39 11.81 59.50 
23 35.32 24.44 10.65 70.41 
24 29.68 24.25 15.43 69.36 
aFor composition of treatments see Table 1. 
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Table 2. (Continued) 
Treatment3, 
number Leaves Stalks Roots Total 
25 39.22 27.29 13.69 80.20 
26 22.28 18.26 12.97 53.51 
27 30.78 23.41 13.69 67.88 
28 36.06 22.88 10.86 69.80 
29 30.84 18.02 9.76 58.62 
30 35.52 21.48 12.23 69.23 
31 23.33 16.43 9.86 49.62 
32 38.16 24.41 12.63 75.20 
33 30.03 23.35 14.87 68.25 
34 34.94 20.53 12.68 68.15 
35 23.90 16.48 10.20 50.58 
36 46.15 31.48 17.64 95.27 
37 23.42 15.34 9.36 48.12 
38 34.42 21.41 10.16 65.99 
39 38.77 26.18 8.74 73.69 
40 36.28 21.28 11.31 68.87 
4l 42.64 26.05 15.90 84.59 
42 25.46 17.32 11.08 53.86 
43 44.33 29.61 13.16 87.10 
percent N was lower in the lower yield. The plants that 
were grown in the pots that received treatment 37 had more 
sap in the tissue than the plants that were grown in the 
pots that received treatment 42. This increase in cellular 
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liquid actually diluted the N concentration in the growing 
plant and probably accentuated the N deficiency. 
The data in Table 2 were used to compute the values in 
Figures 1 through 5. These figures show the general growth 
responses to N, P, K, Ca and Mg in the experiment. Each 
yield value for a given element is summed and averaged over 
the other 4 elements and thus represents a mean pot yield at 
a mean level of the other 4 elements. Figure 1 shows the 
dry matter yields of leaves, stalks and roots at 5 different 
levels of N and at the mean level of P, K, Ca and Mg. This 
figure shows that at the highest level of N (270 ppm.) there 
was a decrease in the dry matter yields. The highest yields 
of leaves and stalks were obtained at the 210 ppm. level of 
N; however, these yield increases were only slightly higher 
than those for the 150 ppm. level of N. 
The dry matter yields for different levels of P at the 
mean levels of N, K, Ca and Mg are shown in Figure 2. The 
stalk and root dry matter yields were highest at the 25 ppm. 
level of P while the highest leaf yield was obtained at the 
45 ppm. level of P. 
Dry matter yield responses for K, Ca and Mg are shown 
in Figures 3* 4, and 5, respectively. The marked increases 
in yields that resulted from the highest levels of these 
elements are shown. These increases in dry matter yields 
are somewhat different from the results that were obtained 
Figure 1. The mean effect of 5 levels of N on the leaf, 
stalk and root dry matter yields of corn 






"30 90 150 210 270 
PPM N IN CULTURE SOLUTION 
Figure 2. The mean effect of 5 levels of P on the leaf, 
stalk and root dry matter yields of corn 
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Figure 3. The mean effect of 5 levels of K on the leaf, 
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Figure 5. The mean effect of 5 levels of Mg on the leaf, 
stalk and root dry matter yields of corn grown 
in a nutrient solution-sand culture in the 
greenhouse 
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for the N and P in that these yield curves show that a maxi­
mum response to K, Ca and Mg has not been obtained, i.e., a 
wider experimental range would have been desirable. In a 
later section a statistical analysis of the yield response 
data in regard to N, P, K, Ca and Mg will be presented and 
discussed. 
2. Effect of Na and CI on dry matter yields 
Since Na and CI were added as the nbalancingIr ions in 
the growing solutions no general yield response curves like 
the ones in Figures 1 through 5 can be constructed. In 
looking at the general response curves for N, P, K, Ca and 
Mg one can notice that there are small changes in dry matter 
yields that are associated with increasing the levels of P, 
Ca and Mg from -1 to the 1 level. Also, from Table 1, it can 
be observed that certain pairs of treatments can be selected 
such that Na or CI and either P, Ca or Mg vary. By using 
this approach to select pairs of treatments it seems that 
some insight as to the effect of Na and CI on the dry matter 
plant yields can be obtained. 
According to Ostle (45) the technique of using least 
significant difference may lead to erroneous conclusions if 
it is used indiscriminately to test all possible pairs of 
treatments. Hence, treatment pairs were selected only for 
these comparisons of Na and CI effects. Furthermore, the 
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pairs of treatments selected, were on the bases of treatment 
combinations. As pointed out earlier, in selecting pairs of 
treatments the level of either Na or CI could essentially be 
held constant. Furthermore, the effects of P, Ca and Mg on 
dry matter plant yields at the -1 and 1 levels were small. 
It seems, therefore, that any large yield difference between 
the selected pairs were largely due to the Na or CI effects. 
The data in Table 3 indicate that the levels of Na and 
CI did not have a large influence on the dry matter plant 
yields. However, in looking at the pairs of treatments in 
which Na varied, it is apparent that the higher levels of 
Na produced slightly lower yields in most cases. The differ­
ences for the CI levels gave very small yield differences. 
None of the differences between pairs of treatments is large 
enough for a significant difference at the 1 percent level 
of probability. 
B. Simple Relationships between the Chemical 
Composition of Leaves, Stalks and Roots 
The simple correlation coefficients for the total grams 
of N, P, K, Ca, Mg, Na and CI in the corn leaves are shown in 
Table 4. The simple correlation coefficients for the rela­
tionships between N and P, K, Ca and Mg are higher than for 
the other relationships. One reason for this is that the 
level of N had a large influence on the growth of the plants 
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Table 3. Treatment numbers, levels of P, Ca, Mg, Na and CI 
and dry matter yields of leaves, stalks and roots 
In grams per pot 
Treatment Level of elements In ppm. Dry matter yields 
number P Ca Mg Na CI Leaves Stalks Roots 
13 65 80 35 106 0 25.14 18.01 10.81 
42 25 80 35 76 0 25.46 17.32 11.08 
17 65 80 35 303 0 28.58 16.66 8.82 
29 45 80 95 192 4 30.84 18.02 9.76 
12 25 80 35 273 0 31.49 18.42 10.42 
17 65 80 35 303 0 28.58 16.66 8.82 
17 65 80 35 303 0 28.58 16.66 8.82 
34 65 180 35 188 0 34.94 20.53 12.68 
32 25 180 35 99 0 38.16 24.41 12.63 
4l 25 l8o 35 129 0 42.64 26.05 15.90 
12 25 80 35 273 0 31.49 18.42 10.42 
23 25 l8o 35 158 0 35.32 24.44 10.65 
27 25 180 95 0 325 30.78 23.41 13.69 
33 45 80 95 0 103 30.03 23.35 14.87 
24 25 80 95 0 148 29.68 24.25 15.43 
27 25 l8o 95 0 325 30.78 23.41 13.69 
20 25 l8o 95 0 235 26.82 20.06 12.21 
22 65 80 95 1 14 27.30 20.39 11.81 
i. S. D. at the : 1 per cent 
level of probability 7.44 8.00 5.11 
. S. D. at the j 5 per cent 
level of probability 5.56 5.98 3.82 
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Table 4. Simple correlation coefficients among values for 
the grams of N, P, K, Ca, Mg, Na and Cl in the 
leaves of corn grown in nutrient solution-sand 
cultures 
Elements Elements 
N P K Ca Mg Na CI 
N 1 
P 0.851 1 
K 0.674 0.516 1 
Ca 0.664 0.393 0.399 1 
Mg 0.721 0.422 0.173 0.494 1 
Na 0.256 0.440 -0.053 -0.154 0. 106 1 
CI 0.016 -0.193 0.179 0.387 0. 259 -0 
which in turn influenced the uptake of P, K, Ca and Mg. The 
Na and CI content was not highly correlated with the N con­
tent. Also, there is a positive correlation between the 
contents of K, Ca and Mg. This indicates that there is not 
a negative relationship between the total content of these 
elements in the corn leaves. 
Simple correlation coefficients for the N, P, K, Ca, 
Mg, Na and CI contents in the stalks are shown in Table 5. 
In this part of the plants the correlation coefficients for 
the content of N and P, K, Ca and Mg are lower than for the 
corresponding coefficients in the leaves. Percentages of 
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Table 5. Simple correlation coefficients among values for 
the grams of N, P, K, Ca, Mg, Na and Cl in the 
stalks of corn grown in nutrient solution-sand 
cultures 
Elements Elements 





















the elements also varied more in the stalks than in the 
leaves. This can be observed in the tables in the Appendix 
which list the percent composition for the elements listed. 
Presented in Table 6 are the simple correlation coeffi­
cients for the N, P, K, Ca, Mg, Na and CI contents in the 
roots. The correlation coefficients for K and P, K and CI, 
and Mg and CI indicate that P and CI were in part the 
balancing anions for the cations of K and Mg. The K, Ca and 
Mg contents of the roots are negatively correlated with the 
Na content of the roots. Also, the levels of K, Ca and Mg 
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Table 6. Simple correlation coefficients among values for 
the grams of N, P, K, Ca, Mg, Na and Cl in the 





K Ca Mg Na Cl 
N 1 
P 0.244 1 
K 1 0.196 0.625 1 
Ca 0.308 0.148 0.381 1 
Mg 0.120 0.392 0.714 0.396 1 
Na 0.597 -O.O85 -0.430 -0.227 -O.586 1 
CI -0.160 0.182 0.579 0.425 0.791 -0 
in the nutrient solutions, as shown in Table 7, are nega­
tively correlated with the levels of Na. This indicates 
that the level of Na had very little effect on the absorp­
tion of K, Ca and Mg. 
The simple correlation coefficients for K, Ca and Mg con­
tent of the leaves, stalks and roots of the corn plants are 
positive. This shows that an increase in the content of 
either K, Ca or Mg was generally associated with an in­
creased content of the other two. These results indicate 
that increased absorption of one of the cations was gener­
ally associated with an increased absorption of the other 
two ions. 
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C. Multiple Regression Analysis of Dry Matter 
and Total Nutrient Yield Data 
1. The multiple regression model 
Multiple regression analyses were made to achieve a 
more complete study of the interrelationships among the 
variable elements1 used. Quadratic regression equations 
were fitted to the data for dry matter yields of leaves, 
stalks, roots and the total grams of N, P, K, Ca and Mg in 
the three plant parts. 
Na and CI were added as "balancing,r ions and thus sta­
tistical orthogonality with respect to each other and the 
other 5-variable elements could not be maintained. This is 
shown in Table 1. 
When the Na and CI variables were included in the mul­
tiple regression analyses, the orthogonal property for the 
linear and linear x linear varlates is not retained because 
the addition of these non-orthogonal variables resulted in 
an intercorrelation of Na and CI with the N, P, K, Ca and Mg 
variables. To obtain a regression equation with all the 
linear, quadratic and linear x linear interaction terms for 
the 7 variables, the inversion of a 35 x 35 sums of squares 
and cross products matrix was required. This regression 
T^he term variable elements refers to the different 
elements that were varied in the nutrient solution. The 
variable elements were N, P, K, Ca, Mg, Na and CI. 
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model with the 35 (X^ ) varlates will be referred to as the 
full model. 
Initially the sums of squares and cross products cor­
rected for the mean were computed on an IBM 650 Computer 
with the coded levels of N, P, K, Ca, Mg and the ppm. of the 
Na and CI variables. These values made up the 35 x 35 sums 
of squares and cross products matrix which was inverted on 
the computer. This inverse had rather large c^  and c^ j 
values and was nonsymmetrical. For example, if the 5 semi-
orthogonal variables were used in a multiple regression 
analysis the c^  value for N was equal to 0.025 and the 
corresponding c11 value for the 35 x 35 inverse was 
67405.292. This result could have resulted from the deter­
minant of the matrix having a very small value. Also, if 
there are high intercorrelations between a number of the 
independent variables, more significant digits would have to 
be retained to control the rounding errors in the inversion 
of the matrix. This IBM 650 Computer retains 8 significant 
digits plus 2 more digits for a floating decimal point. 
Thus rounding errors could have been a contributing factor 
in this result. Upon re-examination of the sums of squares 
and cross products matrix the range of the values for the 
diagonal was found to be quite large. 
At this point the 35 x 35 correlation matrix was com-
2 puted. The correlation values between Na and Na , and CI 
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p 
and Cl were equal to 0.94 and 0.92, respectively. All 
other correlation values were below 0.9. 
After considering the range for the diagonal values and 
p 2 
the correlations between Na and Na , and CI and CI , the 
next step was to code Na and CI by dividing by 100. This 
reduced the range for the diagonal values. To reduce the 
2 p 
correlation values between the Na and Na , and CI and Cl a 
coding method was devised to reduce the correlations to 0 
between the levels of a variable (X^ ) and the squared term 
(X^ 2) of the variable. This can be accomplished by sub­
tracting a constant (Q) from the levels (X^ ) of the variable. 
Q is obtained by solving 
n , 
Z X. j 











1(2 X, H 
n i 1 
where n is equal to the number of treatments. 
After the Na and CI variables were coded, the sums of 
squares and cross products and the correlation matrices were 
again computed. The varlates and the simple correlation 
coefficients are presented in Table 7. The highest inter-
correlation value is 0.755 It can also be observed that few 
intercorrelation values are above 0.70. However, the 
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Table 7. Corrélation coefficients between the 35 X. varlates 
in the full regression model 
Varlates 
Varlates N P I Ca Mg Na Cl N2 p2 
N 1 0 0 0 0 0.74 -0.56 0 0 
P 1 0 0 0 0.09 -0.15 0 0 
K 1 0 0 -0.19 0.19 0 0 
Ca 1 0 -0.37 0.42 0 0 
Mg 1 -0.38 0.40 0 0 
Na 1 -0.60 0.15 -0.06 
CI 1 0.24 -0.10 







N x P 
N x K 
N x Ca 
N x Mg 
N x Na 
N x CI 
P x K 
P x Ca 
P x Mg 
P x Na 
P x CI 
K x Ca 
K x Mg 
K x Na 
K x CI 
Ca x Mg 
Ca x Na 
Ca x CI 
Mg x Na 
Mg x CI 
Na x CI 
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Table 7. (Continued) 
Varlates 
Varlates K2 
OJ ë Mg2 2 Na Cl2 N x P N x K 
N 0 0 0 -0.17 o.o6 0 0 
P 0 0 0 -0.03 -0.01 0 0 
K 0 0 0 0.03 0.05 0 0 
Ca 0 0 0 -0.07 -0.08 0 0 
Mg 0 0 0 0.07 -0.15 0 0 
Na -0.04 o.o4 0.03 0.00 0.22 0.01 -0.07 
Cl -0.07 0.05 0.05 0.31 0.00 0.05 -0.08 
N2 -0.19 -0.19 -0.19 0.19 0.08 0 0 
P2 -0.19 -0.19 -0.19 -0.07 0.07 0 0 
K2 1 -0.19 -0.19 -0.04 0.00 0 0 
Ca2 1 -0.19 -0.02 -0.13 0 0 
Mg2 1 -0.02 -0.13 0 0 
Na2 1 o.o4 0.11 -0.21 
Cl2 1 0.17 -0.14 
N x P 1 0 
N x Ca 
N x Mg 
N x Na 
N x Cl 
P x K 
P x Ca 
P x Mg 
P x Na 
P x Cl 
K x Ca 
K x Mg 
K x Na 
K x Cl 
Ca x Mg 
Ca x Na 
Ca x Cl 
Mg x Na 
Mg x Cl 
Na x Cl 
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N x Ca N x Mg N x Na N x Cl P x K P x Ca P x Mg 
N 0 0 -0.29 -0.38 0 0 0 
P 0 0 0.01 0.04 0 0 0 
K 0 0 -0.07 -0.07 0 0 0 
Ca 0 0 -0.20 -0.24 0 0 0 
Mg 0 0 -0.09 -0.09 0 0 0 
Na -0.19 -0.08 0.12 -0.35 0.00 0.03 -0.08 
Cl -0.27 -0.11 0.34 -0.25 -0.02 0.01 -o.i6 
N2 0 0 0.68 -0.53 0 0 0 
P2 0 0 -0.13 0.12 0 0 0 
K2 0 0 -0.13 0.12 0 0 0 
Ca2 0 0 -0.13 0.12 0 0 0 
Mg2 0 0 -0.13 0.12 0 0 0 
Na2 -0.38 -0.49 0.69 -0.27 -0.09 
-0.13 0.00 
Cl2 -0.17 -0.31 0.16 -0.44 -0.10 
-0.21 -0.09 
N x P 0 0 0.07 -0.17 0 0 0 
N x K 0 0 -0.18 0.20 0 0 0 
N x Ca 1 0 -0.37 0.39 0 0 0 
N x Mg 1 -0.38 0.37 0 0 0 
N x Na 1 -0.43 0.00 -0.03 0.00 
N x Cl 1 0.02 -0.01 0.03 
P x K 1 0 0 
P x Ca 1 0 
P x Mg 1 
P x Na 
P x Cl 
K x Ca 
K x Mg 
K x Na 
K x Cl 
Ca x Mg 
Ca x Na 
Ca x Cl 
Mg x Na 
Mg x Cl 
Na x Cl 
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Table 7. (Continued) 
Varlates 
Varlates P x Na P x CI K x Ca K x Mg K x Na K x c: 
N 0.01 o.o4 0 0 -0.06 -0.06 
P -0.4l -0.58 0 0 0.00 -0.02 
K 0.00 -0.02 0 0 -0.40 -0.58 
Ca 0.02 0.01 0 0 0.02 0.01 
Mg -0.07 -0.12 0 0 0.06 0.06 
Na 0.00 -0.02 0.03 0.06 -o.o4 0.12 
CI 0.09 -0.09 0.01 0.07 -0.05 0.05 
N2 -0.03 -0.01 0 0 0.06 0.00 
P2 0.13 -0.01 0 0 o.o6 0.00 
K2 -0.03 -0.01 0 0 -0.24 0.05 
Ca2 -0.03 -0.01 0 0 0.06 0.00 
Mg2 -0.03 -0.01 0 0 0.06 0.00 
Na2 0.19 -0.04 0.10 0.12 -0.30 0.03 
CI2 o.i6 -0.32 0.19 0.01 -0.08 0.27 
N x P 0.68 -0.42 0 0 0.00 0.02 
N x K 0.00 0.02 0 0 0.68 
-0.43 
N x Ca -0.03 -0.01 0 0 -0.03 
-0.13 
N x Mg 0.00 0.03 0 0 0.02 0.05 
N x Na o.o4 -0.06 -0.03 0.02 -0.05 0.10 
N x CI -0.12 0.08 -0.01 0.05 0.12 -0.03 
P x K -0.15 0.18 0 0 0.06 -0.15 
P x Ca -0.31 0.35 0 0 0.05 0.04 
P x Mg -0.32 0.33 0 0 0.01 -0.01 
P x Na 1 -0.13 0.05 0.01 -0.06 0.02 
P x CI 1 o.o4 -0.01 0.01 -0.06 
K x Ca 1 0 -0.31 0.36 
K x Mg 1 -0.32 0.34 
K x Na 1 -0.16 
K x CI 1 
Ca x Mg 
Ca x Na 
Ca x CI 
Mg x Na 
Mg x CI 
Na x CI 
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Table 7. (Continued) 
Varlates 
Varlates Ca x Mg Ca x Na Ca x Cl Mg x Na Mg x Cl Na x c: 
N 0 -0.18 -0.25 -0.08 -0.09 -0.13 
P 0 0.02 0.01 -0.08 -0.14 0.03 
K 0 0.03 0.01 o.o6 0.06 0.05 
Ca • 0 
-0.35 -0.54 0.08 0.09 -0.02 
Mg 0 0.08 0.09 -0.35 -0.54 0.04 
Na 0.08 -0.21 0.12 -0.07 0.19 -0.43 
Cl 0.10 -0.26 0.16 -0.18 0.07 -0.40 
N2 0 0.08 -0.04 0.08 -0.04 -0.43 
P2 0 0.08 -o.o4 0.08 -0.04 0.20 
K2 0 0.08 -0.04 0.08 -o.o4 0.14 
Ca2 0 -0.38 0.26 0.08 -0.04 -0.09 
Mg2 0 0.08 -o.o4 -0.38 0.2 6 -0.08 
Na2 0.21 -0.37 0.27 -0.55 0.15 -0.48 
Cl2 0.25 -0.10 0.37 -0.13 0.44 -0.43 
N x P 0 -0.03 -0.01 0.00 0.03 -0.16 
N x K 0 -0.03 -0.01 0.02 0.06 0.22 
N x Ca 0 0.71 -0.48 0.00 0.02 0.53 
N x Mg 0 0.00 0.02 0.71 -0.48 o.4o 
N x Na 0.00 -0.09 0.31 -0.21 0.17 -0.62 
N x Cl 0.02 0.36 0.05 0.23 -0.09 0.75 
P x K 0 0.05 0.05 0.01 -0.01 0.03 
P x Ca 0 0.06 -0.17 -0.01 -0.04 o.o4 
P x Mg 0 -0.01 -o.o4 0.06 -0.17 0.17 
P x Na -0.01 -0.09 0.01 o.o4 o.i4 -0.15 
P x Cl -o.o4 -0.01 -0.13 0.11 -0.03 0.17 
K x Ca 0 -0.16 0.21 -0.01 -0.04 -0.08 
K x Mg 0 -0.01 -0.05 -0.16 0.20 -0.12 
K x Na -0.01 0.02 -0.01 o.o4 -0.06 0.15 
K x Cl -0.04 -0.02 0.10 -0.06 -o.o6 -0.21 
Ca x Mg 1 -0.33 0.38 -0.33 o.4o -0.24 
Ca x Na 1 -0.30 0.05 -0.12 0.52 
Ca x Cl 1 -0.11 0.09 -0.37 
Mg x Na 1 -0.30 0.40 
Mg x Cl 1 -o.4i 
Na x Cl 1 
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inverse for this matrix also was nonsymmetrical. 
Heady and Dillon (23) state that if any of the correla­
tion coefficients between the independent variables lie 
outside the range 0.8 to -0.8, the regression analysis 
should be carried through with one of the highly correlated 
variables omitted. Snedecor (52) points out that a high 
correlation between two independent variables can result in 
calculation difficulties. He also advises that considera­
tion should be given to the elimination of one variable if 
the correlation coefficient in the correlation matrix is 
above 0.95 for two variables. 
In further attempts to obtain a correct inverse matrix, 
selected (X^ ) varlates were deleted from the regression 
model. The resulting models will be referred to as reduced 
models. 
The inverse of a matrix with the N x Mg, P x K, P x Ca, 
P x Mg and K x Mg varlates deleted was computed. This in­
verse had J6 negative c^  values on the diagonal and was 
nonsymmetrical. 
In the next attempt to obtain a successful inverse the 
2 2 Na , CI and all varlates involving Na and CI interactions 
were deleted. The N x Mg, P x K, P x Ca, P x Mg, K x Mg 
varlates also were deleted because a regression analysis 
with the N, P, K, Ca and Mg variables showed that the par­
tial regression coefficients had t-values that were slgnifi-
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cant only at probability levels greater than 0.50. This 
inverse did not have any negative c^  values and was sym­
metrical. The partial regression coefficients for this 
equation are listed in Table 8 in Equation 1. More varlates 
that included Na and CI were included in the multiple re­
gression equations 2 and 3 to obtain a "better fit" as 
measured by a higher coefficient of multiple determination 
(R ). The inverse matrix was symmetrical and no negative 
c^  values were obtained. However, if one compares the 
partial regression coefficients for the main effects of K, 
Ca and Mg with the corresponding partial regression coeffi­
cients in Equation 7, all the signs are negative where the 
Na and CI varlates have been added. The coefficient for the 
effect of N was also greatly increased. Equations 4, 5 and 
6 were computed to observe what changes in the coefficients 
would occur when the Na and CI variables were substituted 
for the N and K variables. When Na was substituted for N, 
it can be observed that the signs for the partial regression 
coefficients for the main effects of K, Ca and Mg were posi­
tive. However, when CI was substituted for K, the signs for 
the Ca and Mg coefficients remained negative. When Na and 
CI were substituted for N and K, the signs for the Ca and Mg 
coefficients were positive. 
Fox and Cooney (19) showed that intercorrelations be­
tween two independent variables can result in a sign change 
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Table 8. Partial regression coefficients and the coefficient 
of multiple determination obtained for seven dif­
ferent multiple regressions of the dry matter 
yields of the above ground portion of the corn 
plant on selected variates^  
Coefficients in regression equations 
Varlates 1 2 3 4 5 6 7 
ab 52.86 53.92 55.66 47.22 69.47 57.12 58.16 
N 28.09 35.66 31.01 14.24 6.84 
P 2.46 2.26 2.74 -1.84 -2.61 -5.18 -0.94 
K -1.34 -3.14 -1.08 6.19 4.66 
Ca 
-10.79 -12.92 -10.60 4.69 -3.38 2.04 1.16 
Mg -9.88 -10.61 -10.20 4.53 -1.6l 7.15 1.97 
Na 
-23.73 -25.52 -19.19 8.07 15.25 
CI 11.69 18.42 18.69 11.54 5.48 
N2 -3.83 -4.4l -7.51 -4.01 -5.25 
P2 -1.98 -2.53 -2.45 0.55 -3.14 -2.60 -2.32 
K2 1.22 1.03 1.26 3.62 0.78 
Ca2 2.34 3.69 2.37 4.95 11.27 2.90 1.49 
Mg2 1.43 1.42 2.23 2.94 -0.92 1.62 0.62 
Na2 
-1.79, -0.69 -0.92 3.92 CM r—1 O -0.81 2.23 2.72 1.57 
N x P 0.46 -0.92 0.73 
N x K 0.22 -1.12 0.95 
N x Ca 1.00 -1.46 1.68 -0.42 2.40 
The levels of the variable elements were coded for 
these regression analyses. See Table 1 for coded levels of 
N, P, K, Ca and Mg. The Na and CI levels listed in Table 1 
were coded by dividing by 100 and subtracting 1.207 and 
l.l4l, respectively. 
T^his is the partial regression coefficient commonly 
referred to as bQ. 
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Table 8. (Continued) 
Coefficients in regression equations 
Varlates 1 2 3 4 5 6 7 
N x Mg -1.09 0.69 
N x Na 7.77 8.75 
N x CI 9.37 
P x K -0.80 -0.4l 
P x Ca -0.14 1.94 2.24 0.57 
P x Mg 0.59 3.12 1.97 0.13 
P x Na -0.58 -1.60 
P x CI -2.56 -4.87 -6.55 
K x Ca -1.30 -0.56 -1.21 -1.78 
K x Mg -0.80 -O.69 
K x Na 0.85 0.63 
K x CI 0.29 
Ca x Mg 0.11 -0.03 -0.26 -1.69 -0.71 
Ca x Na 3.32 
-3.77 
Ca x CI -0.80 
-5.81 -2.69 
Mg x Na 0.44 1.03 
Mg x CI 5.06 -1.29 6.03 
Na x CI 10.46 8.62 18.09 
R 2 0.81 0.88 0.85 0.54 0.74 0.63 0.79 
for the "weaker" of the two partial regression coefficients. 
The equation they used to demonstrate the effects of inter-
correlation between two independent variables is 
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r12 " r13 r23 
*12.3 ~ 2 
with the subscripts of 2 and 3 referring to the independent 
(X^ ) variables and the 1 subscript referring to the de­
pendent (Y^ ) variable. 
To illustrate the effect of intercorrelatlon between 
the N and Na varlates the linear regression coefficient for 
Na and the partial regression coefficient for Na when the N 
variate is included were computed. The correlation coeffi­
cients for Na and dry matter yield of the above ground 
portion of the corn plants (Y) are *yNa = for N, 
rYN = 0.58 and for the intercorrelatlon ^ NaN = 0.74. 
The linear regression coefficient for the Na variate is 
I.87. The partial regression coefficient for the main 
effect of Na is 
The linear regression coefficient indicates that Na had a 
positive effect on yield but when the effect of N was in­
cluded in the regression analysis, then Na appeared to have 
a negative effect. These two results would lead to entirely 
0.14 - (0.58)(0.74) 
= -0.06 
1 - (0.74)2 
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different interpretations. However, upon examination of the 
above computation, it can be observed that the low correla­
tion of Na with yield and the relatively higher correlation 
of N with yield and the intercorrelatlon resulted in a nega­
tive sign for the Na partial regression coefficient. Also, 
the partial regression coefficient for Na is positive for 
the regression equation listed in Table 8 where the N vari­
able has been deleted. 
The preceding results and the results obtained for the 
multiple regression analysis in this study strongly indicate 
that in multiple regression analyses, where there is a large 
range in the correlations between the independent and de­
pendent variables and relatively high intercorrelations, one 
may obtain partial regression coefficients which have irra­
tional signs when they are considered on the basis of pre­
vious experimental results. High intercorrelations in many 
cases can be avoided when the independent variables are 
fixed by selecting the levels of the independent variables 
so that they are orthogonal. 
Anderson and Bancroft (l) state that in some analyses 
it may be impractical to consider that any of the fixed 
varlates can be held constant while some other one varies. 
In this case the regression equation should be considered as 
a whole. As shown in Table 8 a considerable increase in the 
percent of the variation in the dependent variable (Y) can 
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be explained by the addition of varlates that include the Na 
and CI variables. However, the primary objective of this 
investigation was to study the interrelationships among 
inorganic ions in the nutrition of corn. With Na and CI 
variables included in the multiple regression analyses, the 
partial regression coefficients obtained for certain effects 
are illogical. Therefore, in subsequent multiple regression 
analyses the Na and CI variables have been deleted. Further 
justification of this action is based on the argument and 
conclusions related to Table 3. 
Multiple regression equations with the linear, quad­
ratic, 2-factor and selected 3- and 4- factor interaction 
terms were fitted to the dry matter and nutrient yield data. 
All the 2-factor interaction coefficients have been retained 
in the multiple regression equations to show the relative 
magnitude of the effect of each variate on dry matter and 
nutrient yields. Also, by retaining these coefficients the 
positive and negative effects of these varlates are shown. 
The F-values for the 3-, 4- and 5-factor interactions that 
were obtained from the analyses of variance of the data from 
the 2r factorial part of the experiment are listed in Tables 
9, 10, 11 and 12. A 3-factor or higher interaction term was 
included in the corresponding multiple regression equation 
if the F-value obtained in the analysis of variance was as 
large or larger than the tabular F-value at the 0.05 level 
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Table 9. P-values indicating the significance of 3-, 4- and 
5-factor interaction effects of applied nutrients 
on dry matter yields of leaves, stalks and roots 
of corn grown in nutrient solution-sand cultures 
Plant parts 
Interaction term Leaves Stalks Roots 
N x P x K 1.09 0.59 3.26 
N x P x Ca 31.67** 17.32** 10.50** 
N x P x Mg 0.71 1.52 0.21 
N x K x Ca 1.21 0.25 0.07 
N x K x Mg 0.01 0.23 0.18 
N x Ca x Mg 0.66 0.13 0.02 
P x Ca x Mg 2.76 0.27 0.36 
P x K x Ca 0.54 0.51 0.01 
P x K x Mg 0.31 0.09 0.55 
K x Ca x Mg 0.52 0.01 2.07 
N x P x K x Ca 6.84* 8.00** 12.71** 
N x P x K x Mg 0.01 0.15 2.13 
N x P x Ca x Mg 1.40 1.83 0.08 
N x K x Ca x Mg O.69 0.57 0.08 
P x K x Ca x Mg 0.77 0.50 5.62* 
N x P x K x C a x M g  0.20 0.04 0.25 
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Table 10. F-values indicating the significance of 3-, 4- and 
5-factor interaction effects of applied nutrients 
upon the total content in grams per pot of these 
elements in corn leaves from plants grown in 
nutrient solution-sand cultures 
Elements 
Interaction term N p K Ca Mg 
N x P x K 0.97 0.11 0.16 0.04 0.02 
N x P x Ca 45.21** 0.88 3.07 1.46 3.52 
N x P x Mg 0 . 2  4 0.83 0.20 0.04 0.00 
N x K x Ca 5.32* 3.21 0.00 0.03 0.23 
N x K x Mg 0.80 0.57 0.34 0.00 2.26 
N x Ca x Mg 3.79 0.82 3.61 0.00 0.17 
P x Ca x Mg 3.44 1.96 0.06 0.38 0.38 
P x K x Ca 2.17 0.05 0.17 0.00 1.20 
P x K x Mg 1.33 0.72 0.64 0.06 0.07 
K x Ca x Mg 0.55 0.90 0.00 0.15 1.40 
N x P x K x Ca 3.44 0.00 1.37 0.25 1.32 
N x P x K x Mg 1.14 0.04 0.02 0.01 0.19 
N x P x Ca x Mg 1.49 0.12 0.02 0.08 0.18 
N x K x Ca x Mg 
I—1 I—1 O 0.05 0.51 0.05 0.34 
P x K x Ca x Mg 0.72 0.60 0.15 0.00 1.25 
N x P x K x C a x M g  0.07 0.11 0.51 0.01 0.88 
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Table 11. F-values Indicating the significance of 3-, 4- and 
5-factor interaction effects of applied nutrients 
upon the total content in grams per pot of these 
elements in corn stalks from plants grown in 
nutrient solution-sand cultures 
Elements 
Interaction term N P K Ca Mg 
N x P x K 0.01 1.4 0 0.43 1.42 0.03 
N x P x Ca 6.15* 8.97** 19.30** 4.77* 6.59* 
N x P x Mg 3.45 3.24 5.00* 0.08 1.10 
N x K x Ca 4.36* 1.21 3.19 0.42 0.84 
N x K x Mg 0.59 0.05 0.14 0.89 0.00 
N x Ca x Mg 1.28 1.17 3.13 0.24 2.68 
P x Ca x Mg 2.36 6.96* 2.25 0.58 4.99* 
P x K x Ca 1.20 0.05 3.46 0.53 0.10 
P x K x Mg 0.49 O.65 1.64 0.01 0.24 
K x Ca x Mg 0.09 0.10 1.60 0.07 1.08 
N x P x K x Ca 1.72 0.88 18.19** 2.03 2.53 
N x P x K x Mg 0.01 0.19 0.36 0.00 0.03 
N x P x Ca x Mg 1.41 0.35 0.69 1.04 3.41 
N x K x Ca x Mg 0.88 0.94 0.80 0.30 0.23 
P x K x Ca x Mg 2.41 0.05 0.19 1.45 0.04 
N x P x K x C a x M g  1.96 0.57 2.83 0.02 0.06 
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Table 12. P-values indicating the significance of 3-t 4- and 
5-factor interaction effects of applied nutrients 
upon the total content in grams per pot of these 
elements in corn roots from plants grown in 
nutrient solution-sand cultures 
Elements 
Interaction term N p K Ca Mg 
N x P x K 0.81 5.43* 10.32** 4.21* 8.45** 
N x P x Ca 12.40** 19.36** 15.30** 10.17** 32.40** 
N x P x Mg 0.06 I.05 0.06 0.44 1.69 
N x K x Ca 0.20 1.49 6.90* 1.93 0.14 
N x K x Mg 0.17 0.07 3.79 1.78 2.08 
N x Ca x Mg 3.89 o.o4 1.98 O.23 11.70** 
P x Ca x Mg o.i4 1.30 0.24 7.13* 0.42 
P x K x Ca 0.68 2.09 2.11 0.01 0.002 
P x K x Mg 0.87 0.09 0.78 0.14 1.31 
K x Ca x Mg 0.66 1.00 11.57** 0.02 5.25* 
N x P x K x Ca 2.92 12.47** 9.26** 4.12 8.42** 
N x P x K x Mg 0.29 0.72 0.74 1.03 0.14 
N x P x Ca x Mg 1.01 0.23 0.02 0.02 3.49 
N x K x Ca x Mg 0.26 0.08 0.003 0.82 2.44 
P x K x Ca x Mg 1.03 1.58 0.51 0.16 2.68 
N x P x K x C a x M g  3.02 0.90 0.94 0.02 0.33 
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of probability and there was a nonsignificant difference be­
tween the replications for each selected term. A nonsignif­
icant difference between replications gave additional evi­
dence that the interaction occurred in both replications. 
The codel levels of the variable elements that are 
listed in Table 1 were used in computing the multiple re­
gression equations. By using the coded levels of the 
variable elements the calculations were simplified. All the 
regression equations reported in this thesis have their 
origin at the mean levels of N, P, K, Ca and Mg. Also, the 
units for N, P, K, Ca and Mg are 60, 20, 50, 50 and 30 ppm., 
respectively. The units for the 18 dependent variables 
(Y1) will be in milligrams.1 To translate the origin back 
to 0 ppm. levels the assumption has to be made that the 
response surface is valid outside the range of the experi­
ment. In this study indications are that this assumption is 
not valid because some of the linear regression coefficients 
have a positive value when the origin is at the mean levels 
of the variables but when the origin is translated to the 0 
ppm. levels the coefficients have negative values. 
Heady and Dillon (23) point out that for testing sta­
tistical adequacy of the fitted function three procedures 
T^reatment means in grams per pot were used in computing 
the multiple regression equations. However, all partial re­
gression coefficients and standard errors listed in Tables 
13 and 17 are reported on the basis of milligram yields. 
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are available when replicated experimental data have been 
fitted by regression procedures. These procedures are based 
on the size of the coefficient of multiple determination, an 
F-test of the regression mean square, and a comparison of 
the lack of fit and experimental error mean squares. All 
three of these procedures will be employed in this study to 
show the statistical adequacy of the fitted functions. 
Snedecor (52) states that it is well not to speculate 
p 
about cause and effect unless R is high, above 0.80. If 
2 the value of R is small most of the variation in the de­
pendent variable is unexplained. Snedecor (52) points out 
that this may be due to random variation or it may be due to 
other independent variables that have not been considered 
in the regression. 
In this study the regression equations could have been 
simplified by dropping interaction terms with standard 
errors greater than the regression coefficients. Also, had 
this procedure been used the remaining regression coeffi­
cients would have remained unchanged because of the zero 
correlation between an interaction term and any other term 
in the equation. However, these 2-factor interactions were 
retained in the equations for comparative purposes. 
The null hypothesis was not rejected for any regression 
coefficient with a t-value that is smaller than the tabular 
t-value at the 0.30 probability level. However, based on 
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past experimental results, it seems that some of the rela­
tively small effects are real but not significant at the 
0.30 probability level because of the variation associated 
with them. 
2. Multiple regression statistics for dry matter 
yields of leaves, stalks and roots 
Listed in Table 13 are the partial regression coeffi-
p 
cients, standard errors, t-values and the values of R for 
the regression of leaf, stalk and root dry matter yields, 
respectively, on the selected variates. These multiple 
regression equations have their origins at the mean levels 
of N, P, K, Ca and Mg with units of 60, 20, 50, 50 and 30 
ppm., respectively. 
The N x P x K x Ca interaction effects on the leaf, 
stalk and root dry matter yields are relatively large and 
positive. This interaction effect shows that the effects of 
N, P, K and Ca on the dry matter yields of the three plant 
parts are interrelated and that the effect of one of these 
elements on plant growth is influenced by the levels of the 
other three elements. This interaction involves two anions 
and two cations which in part may have resulted from Ca and 
K supplying the positively charged ions to balance the nega­
tive charges on the N and P ions. The P x K x Ca x Mg 
interaction effect on the root dry matter yields is rela­
tively large and positive. This interaction shows that at 
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Table 13. Multiple regression statistics for the regression 
of milligrams of leaf, stalk and root dry matter 









8 Leaf dry matter yields 
a = 36773.454 
a 
N 5086.250 476.9 10.665 ** 
P -204.750 476.9 0.429 d 
K 2474.750 476.9 5.189 ** 
Ca 709.250 476.9 1.487 b 
Mg 1127.250 476.9 2.364 * 
N2 -3656.306 730.2 5.007 ** 
P2 -1899.998 730.2 2.602 * 
K2 212.567 730.2 0.291 d 
Ca2 392.490 730.2 0.538 d 
Mg2 17.464 730.2 0.239 d 
N x P 488.438 533.3 0.916 d 
N x K 674.062 533.3 1.264 c 
N x Ca 1159.688 533.3 2.175 * 
N x Mg 340.938 533.3 0.639 d 
P x K -22.812 533.3 0.043 d 
P x Ca 369.062 533.3 0.692 d 
P x Mg 71.562 533.3 0.134 d 
K x Ca -696.562 533.3 1.306 c 
K x Mg 
-317.812 533.3 0.596 d 
Ca x Mg 
-395.938 533.3 0.742 d 
N x P x Ca 1958.438 533.3 3.672 ** 
N x P x K x Ca 910.312 533.3 1.707 b 
R = 0.9175 
** p < 0.01 a 0.05<p < 0.10 c 0.20<p < 0. 
* O.OKp < 0.05 b 0.10<p < 0.20 d p > 0. 
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Table 13. (Continued) 
Equa- Equation Prob-
tion ability 
number Variate Y = a + Eb^ X^  t^  levela 
9 Stalk dry matter yields 
a = 21388.449 
N 1751.750 430.9 4.065 ** 
P 
-731.750 430.9 I.698 b 
K 2188.750 430.9 5.080 ** 
Ca 449.750 430.9 1.044 d 
Mg 845.250 430.9 1.962 a 
N2 -1590.675 659.7 2.411 * 
P2 -423.177 659.7 0.642 d 
K2 569.407 659.7 0.863 d 
Ca2 1100.605 659.7 1.668 b 
Mg2 603.087 659.7 0.914 d 
N x P 238.438 481.7 0.495 d 
N x K 271.562 481.7 0.564 d 
N x Ca 1239.688 481.7 2.574 * 
N x Mg 350.312 481.7 0.727 d 
P x K -389.062 481.7 0.808 d 
P x Ca 201.562 481.7 0.418 d 
P x Mg 59.688 481.7 0.124 d 
K x Ca -1087.812 481.7 2.258 * 
K x Mg -372.188 481.7 0.773 d 
Ca x Mg -311.562 481.7 0.647 d 
N x P x Ca 1637.188 481.7 3.399 ** 
N x P x K x Ca 1111.562 481.7 2.308 * 
R2 = 0.8358 
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Table 13. (Continued) 
Equa- Prob-
tion ability 
number Variate Y = a + Eb^ X^  t^  levela 
10 Root dry matter yields 
a = 11723.006 
N -52.620 305.3 0.172 d 
P -349.700 305.3 1.145 c 
K 1503.740 305.3 4.925 ** 
Ca -3.400 305.3 0.001 d 
Mg 354.830 305.3 1.162 c 
N2 -679.306 467.4 1.453 b 
P2 -259.434 467.4 0.555 d 
K2 180.627 467.4 0.386 d 
Ca2 409.948 467.4 0.877 d 
Mg2 491.489 467.4 1.052 d 
N x P 267.925 341.3 0.785 d 
N x K 342.681 341.3 1.004 d 
N x Ca 283.506 341.3 0.831 d 
N x Mg -301.531 341.3 0.883 d 
P x K -388.244 341.3 1.138 c 
P x Ca 259.031 341.3 0.759 d 
P x Mg 
-357.556 341.3 1.048 d 
K x Ca 
-373.725 341.3 1.095 c 
K x Mg 2.875 341.3 0.008 d 
Ca x Mg -716.688 341.3 2.100 * 
N x P x Ca 712.869 341.3 2.088 * 
N x P x K x Ca 786.338 341.3 2.304 * 
P x K x Ca x Mg 553.419 341.3 1.622 b 
R2 = 0 
.7575 
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the 1 P, 1 K, 1 Ca and 1 Mg coded levels the joint effects 
of the three cations are positive in their effects on root 
yields. 
The relative magnitudes of the partial regression co­
efficients for the effects of the N x P x Ca interactions 
indicate that this interaction had a rather sizeable and 
significant effect on the yield of the three plant parts. 
According to Meyer and Anderson (4l) experimental evidence 
has been obtained which indicates Ca is important in the re­
duction of nitrate N in plaut tissues. Skok (51) grew bean 
plants in a nutrient solution-sand culture and he found that 
with Ca present nitrate N produced better growth than urea 
but in the absence of Ca much better growth was obtained 
with urea than with nitrates. P in the meristernatic tissues 
is utilized in the synthesis of nucleoproteins and other 
P-containing compounds, some of which operate in the res­
piration mechanism (4l). 
All the partial regression coefficients for the 2-factor 
interactions involving the cations have negative signs in the 
three regression equations with the exception of the K x Mg 
interaction term in the regression equation for root dry 
matter yield. In previous work these negative interactions 
have often been attributed to ion competition that depresses 
the uptake of one or both ions depending upon the relative 
levels of the two ions. However, in this study these 
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effects are not Independent of higher order interations. 
The N x Ca effect on leaf and stalk yields is rela­
tively large in magnitude and positive. In this study the 
N was supplied as nitrate N and as previously stated, 
apparently Ca aids in the reduction of nitrate N in plant 
tissues. 
As shown in Equations 8, 9 and 10 the quadratic effects 
2 2 for the coefficients of N and P are negative. The linear 
effect of P for the mean level of P is negative in all three 
equations. However, the negative linear effects of P on the 
three plant parts are the total effects of P at the mean 
levels of the five variable elements. When the first 
partial derivative of yield with respect to P is evaluated, 
the total effect of P on plant yields can be obtained for 
other treatment combinations.1 The first partial derivative 
of leaf dry matter yields with respect to P evaluated at 
1 N, 1 P, 1 K, 1 Ca and 1 Mg indicates that the total effect 
of P is negative but at this treatment combination for stalk 
yields the total effect of P is positive. 
The quadratic effects for K, Ca and Mg are positive. 
This is interpreted to indicate that the levels of these 
The term total effect will be used to designate the 
effect obtained from evaluating the first partial derivative 
of an independent variable with respect to one of the 
variable elements. 
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elements were not high enough to produce maximum dry matter 
yields. This is borne out by the graphs of dry matter 
yields in Figures 3, 4 and 5. 
The relative magnitudes of the partial regression co­
efficients in Equations 8 and 9 which involve Mg interaction 
effects are small. The t-values for these interaction 
effects are also small. 
2 The values of R for the dry matter yield data are also 
2 
shown in Table 13. The R for the leaf dry matter yield 
2 
equation is higher than the R for the other two equations 
p 
with the R for the root dry matter yield equation being the 
lowest. 
Analyses of variance for the three regressions are pre­
sented in Tables 14, 15 and 16. There was no significant 
difference due to blocks which indicates that the response 
surface for both blocks was similar. There was a highly 
significant difference due to treatments. Also, the 
F-values for the linear, quadratic and interaction terms are 
highly significant. The sums of squares associated with the 
linear, quadratic and interaction source of variation shows 
that part of the treatment sums of squares that is accounted 
for by the equation. When the relative magnitudes of these 
sums of squares are compared to the treatment sums of 
squares within each analysis of variance, the importance of 
the interactions is shown. In Equations 8, 9 and 10 
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Table 14. Analysis of variance of regression equation 8 for 
dry matter yields of leaves 
Source Degrees Sums 
of of of Mean 
variation freedom squares squares F 
Replications 1 0.62 0.62 0.08 
Treatments 42 4407.07 104.93 13.86** 
Linear 5 2704.80 540.96 71.46** 
Quadratic 5 845.78 169.15 22.34** 
Interactions 12 492.98 41.08 5,43** 
Lack of fit 20 363.51 18.18 2.40** 
Experimental error 42 317.79 7.57 
Table 15. Analysis of variance of regression equation 9 for 
dry matter yields of stalks 
Source Degrees Sums 
of of of Mean 
variation freedom squares squares F 
Replications 1 6.93 6.93 0.79 
Treatments 42 1803.98 42.95 4.91** 
Linear 5 744.92 148.98 17.05** 
Quadratic 5 294.24 58.85 6.73** 
Interactions 12 468.52 39.04 4.47** 
Lack of fit 20 296.30 14.82 1.70 
Experimental error 42 366.94 8.74 
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Table 16. Analysis of variance of regression equation 10 
for dry matter yields of roots3 
Source Degrees Sums 
of of of Mean 
variation freedom squares squares F 
Replications 1 6.36 6 .36 1.78 
Treatments 42 584.30 13 .91 3.90** 
Linear 5 200,96 40 .19 11.26** 
Quadratic 5 62.94 12 .59 3.53** 
Interactions 13 178.72 13 .75 3.85** 
Lack of fit 19 141.68 7 .46 2.09* 
Experimental error 41 146.27 3 .57 
The yield of roots from one pot was lost. The method, 
as described by Snedecor (52), with one observation missing 
was used in computing the analysis of variance for root 
yield data. 
approximately 11, 26 and 31 percent of the total sums of 
squares are accounted for by the interactions. 
The F-value for the lack of fit is highly significant 
for the leaf dry matter yield equation and significant for 
the root dry matter yield equation. A statistically signif­
icant lack of fit gives evidence that the variation around 
the fitted function is larger than that which might be ex­
pected from experimental error alone. This in part was due 
to the effects of Na and CI on the growth of the corn 
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plants. A small reduction In the lack of fit mean square 
was obtained when a reduced model which contained Na and Cl 
variates was fitted to the leaf yield data; however, the 
F-value for lack of fit was still highly significant. 
3. Multiple regression statistics for N, P, K, Ca 
and Mg content of leaves, stalks and roots 
Listed in Table 17 are the prediction equations to-
p 
gether with the standard errors, t-values and values of R 
for the total milligrams of N, P, K, Ca and Mg in the three 
parts of the corn plants grown in nutrient solution-sand 
cultures. These equations have their origins at the mean 
levels of N, P, K, Ca and Mg with units of 60, 20, 50, 50 
and 30 ppm., respectively. 
a. Nutrient content of leaves Equation 11 is the 
regression of total N in the corn leaves on the composition 
of the nutrient solution. The partial regression coeffi­
cient for the N x P x Ca interaction is highly significant. 
This indicates that the N content of the corn leaves is 
directly related to the joint effects of N, P and Ca. This 
interaction also had a highly significant and positive 
effect on leaf yields. This indicates that the joint 
effects of N, P and Ca on the N content of the leaf resulted 
in part from leaf yield increases. 
The effects of the K x Ca, K x Mg and Ca x Mg inter­
actions are negative. This same effect was noted for the 
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Table 17. Multiple regression statistics for the regressions 
of total milligrams of N, P, K, Ca and Mg content 
of leaves, stalks and roots of corn on selected 
variates 
Equa- Equation Prob-
tion Y = a + a X S t ability 
number Variate il b^  1 level3 
11 Total N content of leaves 
a = 1293.707 
a: 
N 302.770 14.32 21.143 ** 
P 6.475 14.32 0.452 d 
K 60.600 14.32 4.232 ** 
Ca 37.645 14.32 2.629 * 
Mg 23.230 14.32 1.622 b 
N2 -162.428 21.89 7.420 ** 
P2 -89.764 21.89 4.101 ** 
K2 
-24.299 21.89 1.110 c 
Ca2 -22.314 21.89 1.019 d 
Mg2 -30.002 21.89 1.371 b 
N x P 7.494 15.99 0.469 d 
N x K 35.331 15.99 2.210 * 
N x Ca 35.019 15.99 2.190 * 
N x Mg 4.144 15.99 0.259 d 
P x K 8.344 15.99 0.522 d 
P x Ca 20.319 15.99 1.271 c 
P x Mg 9.819 15.99 0.614 d 
K x Ca -10.531 15.99 0.659 d 
K x Mg -9.869 15.99 0.617 d 
Ca x Mg 
-7.144 15.99 0.447 d 
N x P x Ca 52.544 15.99 3.286 ** 
N x K x Ca 18.044 15.99 1.128 c 
R2 = 0.9664 




 < 0. 
* 0.01<p < 0.05 b 0.10<p < 0.20 d p < 0. 
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Table 17. (Continued) 
Equa- Equation Prob-
number Varlate Y = a + % *1 «£££ 
12 Total P content of leaves 
a = 177.381 
N 39.625 2.547 15.558 ** 
P 20.095 2.547 7.890 ** 
K 3.155 2.547 1.239 c 
Ca -O.85O 2.547 0.334 d 
Mg -O.855 2.547 0.336 d 
N2 -I6.98O 3.899 4.355 ** 
P2 -15.805 3.899 4.054 ** 
K2 -7.180 3.899 1.841 a 
Ca2 -O.93O 3.899 0.239 d 
Mg2 -9.318 3.899 2.390 * 
N x P 10.531 2.848 3.698 ** 
N x K 2.781 2.848 0.976 d 
N x Ca 0.519 2.848 0.182 d 
N x Mg 
-1.775 2.848 0.623 d 
P x K 3.044 2.848 1.069 c 
P x Ca -0.844 2.848 0.296 d 
P x Mg -1.112 2.848 0.390 d 
K x Ca -I.331 2.848 0.467 d 
K x Mg -I.538 2.848 0.540 d 
Ca x Mg -0.400 2.848 0.140 d 
R2 = 0.9421 
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Table 17. (Continued) 
Equa- Equation Prob-
number Varlate Y = a + aA b^^  *1 e^veS 
13 Total K content of leaves 
a = 1078.713 
N 125.705 18.25 6.888 ** 
P 6.705 18.25 0.367 d 
K 237.265 18.25 13.001 ** 
Ca 5.170 18.25 0.283 d 
Mg 5.780 18.25 0.317 d 
N2 -111.943 27.95 4.005 ** 
P2 -58.266 27.95 2.085 * 
K2 -12.589 27.95 0.450 d 
Ca2 -6.604 27.95 0.236 d 
Mg2 -3.217 27.95 0.115 d 
N x P 16.100 20.41 0.789 d 
N x K 38.375 20.41 1.880 a 
N x Ca 27.662 20.41 1.355 b 
N x Mg 97.688 20.41 4.786 ** 
P x K 10.262 20.41 0.503 d 
P x Ca 0.562 20.41 0.028 d 
P x Mg 10.194 20.41 0.499 d 
K x Ca -8.088 20.41 0.396 d 
K x Mg -5.206 20.41 0.255 d 
Ca x Mg -23.481 20.41 1.150 c 
R2 = 0.9195 
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Table 17. (Continued) 
Equa- Equation Prob-
number Variate Y = a + aiXi \  ^ e^veg 
14 Total Ca content of leaves 
a = 129.363 
N 16.505 2.631 6.273 ** 
P -6.420 2.631 2.440 * 
K 1.985 2.631 0.754 d 
Ca 29.805 2.631 11.328 ** 
Mg 0.025 2.631 0.010 d 
N2 -17.061 4.027 4.237 ** 
P2 -7.386 4.027 1.834 a 
K2 1.752 4.027 0.435 d 
Ca2 3.564 4.027 0.885 d 
Mg2 -0.548 4.027 0.136 d 
N x P 4.506 2.941 1.532 b 
N x K 4.844 2.941 1.647 b 
N x Ca 7.588 2.941 2.580 * 
N x Mg 0.694 2.941 0.236 d 
P x K -0.062 2.941 0.021 d 
P x Ca 2.031 2.941 0.691 d 
P x Mg 2.362 2.941 0.803 d 
K x Ca -1.919 2.941 0.652 d 
K x Mg 
-3.375 2.941 1.148 c 
Ca x Mg 2.044 2.941 0.695 d 
R2 = 0.9101 
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Table 17. (Continued) 
Equa- Equation Prob-
nZer Vartate Y = a + aiXi \ e^veS 
15 Total Mg content of leaves 
a = 118.879 
N 52.000 4.599 11.307 ** 
P -1.225 4.599 0.266 d 
K -22.225 4.599 4.833 ** 
Ca 7.360 4.599 1.600 b 
Mg 41.395 4.599 9.001 ** 
N2 -19.585 7.020 2.790 * 
P2 -12.035 7.020 1.714 b 
K2 2.215 7.020 0.316 d 
Ca2 11.628 7.020 1.656 b CM g
 -5.348 7.020 0.762 d 
N x P 1.125 5.127 0.219 d 
N x K 2.725 5.127 0.531 d 
N x Ca 4.425 5.127 0.863 d 
N x Mg 11.244 5.127 2.193 * 
P x K 2.006 5.127 0.391 d 
P x Ca 3.031 5.127 0.591 d 
P x Mg -1.512 5.127 0.295 d 
K x Ca -2.081 5.127 o.4o6 d 
K x Mg 
-7.075 5.127 1.380 b 
Ca x Mg -I.125 5.127 0.219 d 
R2 = 0.9240 
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Table 17. (Continued) 
Equa- Equation Prob-
nZer Varlate Y = a + aA \ e^veS 
16 Total N content of stalks 
a = 717.997 
N 251.167 12.10 20.758 ** 
P 4.658 12.10 0.385 d 
K 43.902 12.10 3.628 ** 
Ca 17.232 12.10 1.424 b 
Mg -2.822 12.10 0.233 d 
N2 -76.374 18.54 4.119 ** 
P2 -43.098 18.54 2.325 * 
K2 -27.7IO 18.54 1.495 b 
Ca2 
-8.936 18.54 0.482 d 
Mg2 -24.461 18.54 1.319 c 
N x P 8.041 13.54 0.594 d 
N x K 28.803 13.54 2.127 * 
N x Ca 16.378 13.54 1.210 c 
N x Mg -16.891 13.54 1.247 c 
P x K -3.884 13.54 0.287 d 
P x Ca 7.541 13.54 0.557 d 
P x Mg 18.809 13.54 1.389 b 
K x Ca -16.159 13.54 1.193 c 
K x Mg -9.841 13.54 0.727 d 
Ca x Mg 
-8.253 13.54 0.610 d 
N x P x Ca 23.409 13.54 1.729 a 
N x K x Ca -19.716 13.54 1.456 b 
R2 = 0.9603 
92 
Table 17. (Continued) 
Equa- Equation Prob-
nmber Varlate Y = «"+ aA \ *i "SSS 
17 Total P content of stalks 
a = 139.631 
N 22.360 2.035 10.988 ** 
P 19.420 2.305 8.425 ** 
K 12.625 2.035 6.204 ** 
Ca -4.705 2.035 2.312 * 
Mg 0.370 2.035 0.182 d 
N2 -9.074 3.115 2.913 ** 
P2 -12.362 3.115 3.969 ** 
K2 -5.461 3.115 1.753 a 
Ca2 2.676 3.115 0.859 d 
Mg2 -6.249 3.115 2.006 a 
N x P 6.025 2.275 2.648 * 
N x K 2.869 2.275 I.261 c 
N x Ca 5.888 2.275 2.588 * 
N x Mg 2.869 2.275 1.261 c 
P x K I.050 2.275 0.462 d 
P x Ca -2.506 2.275 1.102 c 
P x Mg 0.675 2.275 0.297 d 
K x Ca -2.188 2.275 0.962 d 
K x Mg -1.781 2.275 0.783 d 
Ca x Mg 1.500 2.275 0.659 d 
N x P x Ca 4.938 2.275 2.171 * 
P x Ca x Mg 4.350 2.275 1.912 a 
R2 = 0.9411 
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Table 17. (Continued) 
Equa- Equation Prob-
nwLr Varlate Y = a + toiXi \ aï"eîa 
18 Total K content of stalks 
a = 947.679 
N 71.552 13.41 5.336 ** 
P -11.828 13.41 0.882 c 
K 408.548 13.41 30.466 ** 
Ca 1.192 13.41 0.089 d 
Mg 17.502 13.41 1.305 c 
N2 -74.342 20.53 3.621 ** 
P2 -28.366 20.53 1.382 b 
K2 18.699 20.53 0.911 d 
Ca2 23.259 20.53 1.133 c 
Mg2 4.383 20.53 0.213 d 
N x P 15.622 15.00 1.041 c 
N x K 41.072 15.00 2.738 * 
N x Ca 37.534 15.00 2.502 * 
N x Mg 17.284 15.00 1.152 c 
P x K -1.878 15.00 0.125 d 
P x Ca 24.784 15.00 1.652 b 
P x Mg 3.509 15.00 0.234 d 
K x Ca -32.741 15.00 2.183 * 
K x Mg 8.184 15.00 0.546 d 
Ca x Mg -0.091 15.00 0.006 d 
N x P x Ca 46.334 15.00 3.089 ** 
N x P x Mg 23.634 15.00 1.576 b 
N x P x K x Ca 44.759 15.00 2.984 ** 
R2 = 0.9816 
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Table 17. (Continued) 
Equa- Equation Prob-
nZer Varlate Y = a + aiXi \ \ 
19 Total Ca content of stalks 
a = 94.400 
N 2.020 2.306 0.876 d 
P -9.155 2.306 3.970 ** 
K 5.610 2.306 2.433 * 
Ca 33.205 2.306 14.399 ** 
Mg 1.440 2.306 0.624 d 
N2 
-13.575 3.531 3.845 ** 
P2 -3.400 3.531 0.963 d 
K 2 1.525 3.531 0.432 d CM 
1 
ê
 6.538 3.531 1.852 a 
Mg2 3.650 3.531 1.034 d 
N x P 2.444 2.579 0.948 d 
N x K 3.862 2.579 1.497 b 
N x Ca 2.462 2.579 0.955 d 
N x Mg 1.400 2.579 0.543 d 
P x K -0.556 2.579 0.216 d 
P x Ca -0.869 2.579 0.337 d 
P x Mg 3.094 2.579 0.120 d 
K x Ca -4.150 2.579 1.609 b 
K x Mg -4.438 2.579 1.721 a 
Ca x Mg 0.988 2.579 0.383 d 
N x P x Ca 4.894 2.579 1.898 a 
R2 = 0.9311 
95 
Table 17. (Continued) 
Equa- Equation Prob-
n™"er Crista Y = a + aA t, «^y 
20 Total Mg content of stalks 
a = 213.447 
N 41.648 5.173 8.051 ** 
P -5.602 5.173 I.083 c 
K -15.358 5.173 2.969 ** 
Ca 23.362 5.173 4.516 ** 
Mg 55.218 5.173 10.674 ** 
N2 -26.493 7.919 3.345 ** 
P2 -10.117 7.919 1.278 c 
K2 -7.867 7.919 0.993 d 
Ca2 13.995 7.919 1.767 a 
Mg2 -6.243 7.919 0.788 d 
N x P 1.578 5.783 0.273 d 
N x K 4.359 5.783 0.754 d 
N x Ca 12.678 5.783 2.192 * 
N x Mg 14.503 5.783 2.508 * 
P x K 1.622 5.783 0.280 d 
P x Ca 7.078 5.783 1.224 c 
P x Mg 3.628 5.783 0.627 d 
K x Ca 
-5.928 5.783 1.025 d 
K x Mg -4.816 5.783 0.833 d 
Ca x Mg -3.422 5.783 0.592 d 
N x P x Ca 10.378 5.783 1.795 a 
P x Ca x Mg 9.016 5.783 1.559 b 
R2 = 0.9277 
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Table 17. (Continued) 
Equa- Equation Prob-
number Varlate 1 = a + ¥i \ *i e^veS 
21 Total N content of roots 
a = 245.091 
N 66.592 5.971 11.153 ** 
P -9.248 5.971 1.549 b 
K 29.042 5.971 4.864 ** 
Ca -1.388 5.971 O.232 d 
Mg 11.382 5.971 1.906 a 
N2 -20.672 9.142 2.261 * 
P2 -17.296 9.142 1.892 a 
K2 -4.383 9.142 0.479 d 
Ca2 1.991 9.142 0.218 d 
Mg2 2.441 9.142 0.267 d 
N x P 4.334 6.676 0.649 d 
N x K 19.203 6.676 2.876 ** 
N x Ca 2.841 6.676 0.426 d 
N x Mg -2.572 6.676 0.385 d 
P x K 
-1.359 6.676 0.204 d 
P x Ca 11.191 6.676 1.676 b 
P x Mg -4.984 6.676 0.747 d 
K x Ca -8.278 6.676 1.240 c 
K x Mg 2.297 6.676 0.344 d 
Ca x Mg 
-14,953 6.676 2.240 * 
N x P x Ca 18.903 6.676 2.831 ** 
R2 = 0.9016 
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Table 17. (Continued) 
Equa- Equation Prob-
n%r Varlate Y - a + &A tjL 
22 Total P content of roots 
a = 57.628 
N -2.238 1.667 1.343 b 
P 10.632 1.667 6.378 ** 
K 9.988 1.667 5.992 ** 
Ca -1.812 1.667 I.087 c 
Mg 2.012 1.667 1.207 c 
N2 -O.86I 2.552 0.337 d 
P2 -6.260 2.552 2.453 * 
K2 0.065 2.552 0.025 d 
Ca2 -O.I6I 2.552 0.063 d 
Mg2 -O.56I 2.552 0.220 d 
N x P 0.384 1.864 0.206 d 
N x K 1.092 1.864 0.586 d 
N x Ca 2.828 1.864 1.517 b 
N x Mg -1.378 1.864 0.739 d 
P x K -2.241 1.864 1.202 c 
P x Ca -0.284 1.864 0.152 d 
P x Mg 0.634 1.864 0.340 d 
K x Ca -3.053 1.864 1.638 b 
K x Mg 0.153 1.864 0.082 d 
Ca x Mg 1.659 1.864 0.890 d 
N x P x K 2.547 1.864 1.366 b 
N x P x Ca 4.797 1.864 2.573 * 
N x P x K x Ca 3.847 1.864 2.064 a 
R2 = 0.8532 
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Table 17. (Continued) 
Equa- Equation Prob-
number Varlate Y = a + aA \ levef 
23 Total K content of roots 
a = 17.631 
N -36.758 8.879 4.140 ** 
P -10.028 8.879 1.129 c 
K 94.718 8.879 10.668 ** 
Ca 8.848 8.879 0.997 a 
Mg 26.868 8.879 3.026 ** 
N2 -17.991 13.59 1.324 c 
P2 -14.741 13.59 1.085 c 
K2 20.168 13.59 1.484 b 
Ca2 -3.116 13.59 0.229 d 
Mg2 -5.128 13.59 0.377 d 
N x P 14.753 9.927 1.486 b 
N x K -13.997 9.927 1.410 b 
N x Ca 6.934 9.927 0.698 d 
N x Mg -13.259 9.927 1.336 b 
P x K -1.234 9.927 0.124 d 
P x Ca -3.241 9.927 0.326 d 
P x Mg 2.391 9.927 0.241 d 
K x Ca -9.441 9.927 0.951 d 
K x Mg 10.441 9.927 1.052 d 
Ca x Mg -18.503 9.927 1.864 a 
N x P x K 12.459 9.927 2.255 c 
N x P x Ca 15.153 9.927 1.526 b 
N x K x Ca 10.178 9.927 1.025 d 
N x P x K x Ca 11.822 9.927 1.191 c 
R2 = 0.9043 
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Table 17. (Continued) 
Equa- Equation Prob-
nZer Variate Y = a + ¥l \ \ e^veS 
'1 
24 Total Ca content of roots 
a = 63.266 
N 3.108 2.734 1.137 c 
P -6.948 2.734 2.541 * 
K 7.958 2.734 2.911 ** 
Ca 30.352 2.734 11.102 ** 
Mg -0.728 2.734 0.266 d 
N2 -6.287 4.186 1.502 b 
P2 -2.437 4.186 0.582 d 
K2 3.788 4.186 0.905 d 
Ca2 8.038 4.186 1.920 a 
Mg2 1.713 4.186 0.409 d 
N x P 3.903 3.058 1.276 c 
N x K 3.847 3.058 1.258 c 
N x Ca 2.228 3.058 0.729 d 
N x Mg -0.509 3.058 0.166 d 
P x K 0.316 3.058 0.103 d 
P x Ca -4.266 3.058 1.395 b 
P x Mg 3.897 3.058 1.274 c 
K x Ca 0.666 3.058 0.218 d 
K x Mg 1.278 3.058 0.418 d 
Ca x Mg -4.816 3.058 1.575 b 
N x P x K 4.272 3.058 1.397 b 
N x P x Ca 6.64l 3.058 2.172 * 
P x Ca x Mg 5.559 3.058 I.818 a 
N x P x K x Ca 4.234 3.058 1.385 b 
R2 = 0.9062 
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Table 17. (Continued) 
Equa- Equation Prob-
number Varlate \ *1 *£££ 
25 Total Mg content of roots 
a = 60.491 
N -I6.O98 3.938 4.089 ** 
P 
-7.598 3.938 1.929 a 
K 14.118 3.938 3.585 ** 
Ca 7.358 3.938 1.868 a 
Mg 30.682 3.938 7.791 ** 
N2 -7.072 6.028 1.173 c 
P2 -4.059 6.028 0.673 d 
K2 2.579 6.028 0.428 d 
Ca2 2.279 6.028 0.378 d 
Mg2 8.991 6.028 1.492 b 
N x P 6.028 4.402 1.369 b 
N x K 0.766 4.402 0.174 d 
N x Ca -2.297 4.402 0.522 d 
N x Mg -7.722 4.402 1.754 a 
P x K -4.091 4.402 0.929 d 
P x Ca -1.603 4.402 0.364 d 
P x Mg 0.009 4.402 0.002 d 
K x Ca -3.125 4.402 0.710 d 
K x Mg 3.709 4.402 0.843 d 
Ca x Mg -5.141 4.402 1.168 c 
N x P x K 4.778 4.402 I.085 c 
N x P x Ca 9.353 4.402 2.125 * 
N x Ca x Mg 5.616 4.402 1.276 c 
K x Ca x Mg 3.766 4.402 0.856 d 
N x P x K x Ca 4.778 4.402 1.085 c 
R2 = 0.8791 
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yields of dry matter in the leaves. In both cases these 
interaction effects are relatively small. The negative co­
efficients for the cation x cation interactions probably 
resulted from a reduction in leaf dry matter yields rather 
than a decrease in the absorption of N from the solutions. 
The cation x anion interactions are positive; however, only 
the N x K and N x Ca interactions are significant. The 
jt-value for the N x P regression coefficient indicates that 
this interaction did not have an appreciable effect on the N 
content of the leaves. 
The coefficient of N2 is negative. The total effect of 
N is negative at the levels of 2 N, 0 P, 0 K, 0 Ca and 0 Mg 
but at the levels of 1 N, 1 P, 1 Ca and 1 Mg the total 
effect of N is positive. Also, these results suggest that 
at levels of 2 N, 2 P, 2 K, 2 Ca and 2 Mg the total effect 
of N would have increased the N content of the leaves. The 
total effect of P is similar to that of N. The coefficients 
of K2, Ca2 and Mg2 are negative in Equation 11 but they are 
positive in Equation 8. This indicates that sufficient 
levels of K, Ca and Mg to produce maximum dry matter leaf 
yields will result in a more efficient use of N. 
Equation 12 is the regression of total P in the corn 
leaves on the composition of the nutrient solution. The P 
content of the corn leaves is directly related to the joint 
effects of N and P. Also, the F-values in Table 10 indicate 
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that this joint effect is independent of higher order inter-
2 
actions. The coefficient of N is negative but the total 
effect of N at levels of 1 N, IP, 1 K, 1 Ca and 1 Mg is 
positive. These results suggest that the total effect of N 
at levels of 2 N, 2 P, 2 K, 2 Ca and 2 Mg would have in­
creased the P content of the leaves. Since N was added to 
the nutrient solution as nitrate, the N x P effect repre­
sents a positive anion x anion interaction. The effects forr 
the other 2-factor interactions are relatively small when 
compared to the N x P effect. 
The linear effects for Ca and Mg are negative. Although 
these effects are rather small at the mean levels of Ca and 
2 Mg, the coefficient of Mg shows that as the level of Mg was 
increased there was a significant negative quadratic effect. 
2 The coefficients of Ca and Ca are negative; however, when 
the level of Ca was increased beyond the mean level these 
results show that a significant negative quadratic effect 
was not produced. This indicates that a much higher level 
of Ca than Mg would have been required to significantly re­
duce the P content of the leaves. K levels appear to be 
intermediate in respect to this effect. 
Equation 13 is the regression of total K in the corn 
leaves on the composition of the nutrient solution. The N 
x Mg interaction effect is considerably larger in magnitude 
than are the coefficients for the other 2-factor inter-
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actions. When the magnitude and t-value of this interaction 
is compared to the N x Mg interaction for yield of dry 
matter in the leaf, it appears that this effect on K content 
of the leaves cannot be attributed to an increase in leaf 
growth. 
The linear effects of Ca and Mg are positive but the 
joint effect of these two elements is negative. The total 
effects of Ca and Mg on the K content of the leaves at the 
levels of 1 N, 1 P, 1 K, 1 Ca and 1 Mg are negative. This 
shows that relatively high levels of these elements will 
reduce the K content of the leaves. 
Equation 14 is the regression of total Ca in the corn 
leaves on the composition of the nutrient solution. The Ca 
content of the leaves is inversely related to the joint 
effects of K and Mg. However, at the mean levels of these 
two elements indications are that the total effect of Mg at 
1 N, 1 P, 1 K, 1 Ca and 1 Mg levels is negative. 
The Ca content of the leaves is directly related to the 
joint effects of NP, NK and NCa. This indicates that the 
effect of N on the Ca content of the leaves is closely re­
lated to the levels of P, K and Ca. 
The linear effect of P is negative at the mean level. 
As shown in Equation 8, this effect cannot be explained on 
the basis of a reduction in yield of dry matter in the 
leaves. Figure 2 further indicates that this cannot be 
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explained on the basis of a reduction in yield of dry matter 
in the leaves. 
Equation 15 is the regression of total Mg in the corn 
leaves on the composition of the nutrient solution. The Mg 
content of the leaves is inversely related to the joint 
effects of K and Mg. This negative cation x cation inter­
action is probably due to a competitive effect. 
The Mg content of the leaves is directly related to the 
joint effects of N and Mg. This effect as shown in Equation 
8 did not significantly increase the leaf dry matter yields. 
However, both N and Mg are constituents of chlorophyll mole­
cules and this positive interaction effect may have been due 
to increased chlorophyll formation. 
The linear effect for K at the mean level is negative 
and the linear effect for Ca is positive. In this study the 
mean levels of K and Ca are the same (130 ppm. ). This indi­
cates that at equal levels a larger reduction in Mg content 
of the leaf is associated with K. The K x Mg interaction 
also is larger in magnitude than the Ca x Mg interaction. 
b. Nutrient element content of stalks Equation 17 
is the regression of total N in the stalks on selected 
variates. The N content of the stalks is inversely related 
to the joint effects of N x K x Ca and directly related to 
the joint effects of N x P x Ca. 
The linear effect of P is positive at the mean level 
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but at the ON, 2 P, OK, 0 Ca and 0 Mg levels P reduced the 
N content of the stalks. The linear effect of Mg is nega­
tive at the mean level. The total effect of Mg at the 1 N, 
1 P, 1 K, 1 Ca and 1 Mg levels is also negative and greater 
than the mean level effect. 
When all of the effects are considered, it is readily 
apparent that a much larger effect is associated with the 
main effect of N than the other variates. Approximately 85 
percent of the total variation of the N content of the 
stalks was accounted for by this variate. If other variates 
had been omitted from this regression the percent variation 
that is explained by the N variate would have been the same 
because there is a zero correlation between this variate and 
the others. 
The values for the partial regression coefficients in 
Equation 17 are significant and positive for the N x P and 
N x P x Ca interactions. This indicates that the P content 
of the stalks is directly related to the joint effects of N, 
P and Ca. The quadratic effects of N and P are highly 
significant and negative. However, the total effect of N at 
the 1 N level and the other four elements at the mean levels 
is positive but the total effect of P at the 1 P level and 
the other four elements at the mean levels is negative. The 
main effect of Ca is negative; however, the effect of Ca is 
not independent of the N and P levels. The effect of K is 
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not Involved In an interaction with a t-value that is sig­
nificant. However, at the mean level of K the main effect 
of K is highly significant and positive but at the mean 
levels of N, P, Ca and Mg and K at the highest level used 
in this experiment (2 K) the total effect of K on the P 
content of the stalks is negative. 
Equation 18 is the regression of total K in the stalks 
on selected variates. The t-value for the N x P x K x Ca 
interaction is highly significant and positive. This shows 
that the K content of the stalks is directly related to the 
joint effects of N, P, K and Ca. The linear and quadratic 
effects of Ca and Mg are positive. Also, the total effect 
of Ca at the 2 Ca level and N, P, K and Mg at the mean 
levels is positive. 
Equation 19 is the regression of total Ca in the stalks 
on selected variates. The regression coefficients for the 
N x K, K x Ca, K x Mg and N x P x Ca interactions are rela­
tively larger in their effects than are the other interaction 
effects. The K x Mg and K x Ca interactions are negative 
whereas the Ca x Mg interaction is positive and relatively 
Smaller. However, the positive value for the Ca x Mg inter­
action gives evidence that the linear effect of Ca on the Ca 
content of the stalks was not decreased as the level of Mg 
was increased. 
The linear and quadratic effects of K and Mg are 
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positive. When this equation is evaluated for the total 
effects of K at 0 N, 0 P, 2 K, -2 Ca and 0 Mg levels, the 
effect of K is positive. This result indicates that a rela­
tively low level of Ca in combination with a relatively high 
level of K did not reduce the Ca content of the stalks. 
Also, the total effect of Mg at 0 N, 0 P, 0 K, -2 Ca and 2 
Mg is positive. 
Equation 20 is the regression of total Mg in the stalks 
on selected variates. The effects for the N x P x Ca and 
P x Ca x Mg interactions are positive and relatively large. 
However, the positive N x Ca and N x Mg effects are larger. 
The cation x cation interaction effects are relatively small 
and negative. The relatively larger and positive P x Ca x 
Mg interation indicates that the joint effect of Ca and Mg 
was influenced by the level of P. The linear and quadratic 
effects for Ca are positive whereas the linear and quadratic 
effects of K are negative. When the other variable elements 
are at the 0 levels, these results show that the higher 
levels of K had a negative total effect on the Mg content 
of the stalks but the higher levels of Ca had a positive 
total effect on the Mg content of the stalks. 
c. Nutrient element content of roots Equations 21 
through 25 are the multiple regression equations that relate 
the data on N, P, Ca and Mg content of the corn roots to the 
chemical composition of the nutrient solutions. 
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In Equation 21 the N x P x Ca and N x K Interactions 
are highly significant and positive for their effect on the 
N content of the roots. The Ca x Mg interaction had a sig­
nificant and negative effect. The linear and quadratic 
effects of P are negative. When the total effect of P on 
the N content of the roots is evaluated at 0 N, 1 P, 0 K, 
0 Ca and 0 Mg levels, the effect is negative but with a 
level of -1 P the effect is positive. However, the linear 
and quadratic effects of P on root yields are negative but 
indications are that the negative effect of P is not largely 
associated with a reduction in root yields rather than a 
competitive effect on N absorption by the roots. 
Equation 22 is the regression of total P in the corn 
roots on selected variates. The P content of the roots is 
directly related to the joint effects of N, P, K and Ca. 
Also, the linear and quadratic effects of N are negative. 
The total effect of N on the P content of the roots evalu­
ated at -2 N, 0 P, 0 K, 0 Ca and 0 Mg levels is positive but 
with increasing levels of N the total effect is negative. 
This indicates that the higher levels of N had a negative 
effect on P content of the roots when the P level was at the 
mean level and lower; however, the effect of N is not inde­
pendent of the levels of K and Ca. 
Equation 23 is the regression of total K in the corn 
roots on selected variates. The K content of the roots is 
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directly related to the joint effects of N x P x K x Ca. 
The Ca x Mg interaction is relatively larger than the other 
interactions and is negative. However, the main effects of 
Ca and Mg at the mean levels are positive. The relatively 
large negative interactions of N x Mg and Ca x Mg will re­
sult in a negative total effect for Mg when the levels of 
all the elements are above the mean levels, but Ca is asso­
ciated with higher order interaction effects and the total 
effect of Ca is positive. 
Equation 24 is the regression of total Ca in the corn 
roots on selected variates. The Ca content of the roots is 
directly related to the joint effects of N, P, K and Ca. 
This indicates that the linear effect of one of these ele­
ments is influenced by the levels of the other three ele­
ments. The P x Ca x Mg interaction effect is positive 
whereas the P x Ca and Ca x Mg interaction effects are nega­
tive . This shows that the joint effects of these two inter­
actions are not independent of the joint effects of P, Ca 
and Mg. 
The linear and quadratic effects of P are negative. 
The total effect of P evaluated at 0 N, -1 P, 0 K, 0 Ca and 
0 Mg levels is positive but as the level of P is increased 
to the 0 and 1 P levels the total effect is negative at both 
levels. The effect of K at the mean level is positive. The 
quadratic and interaction effects that are associated with K 
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are positive. The total effect of K on the Ca content of 
the roots is positive when any combination of levels for the 
five elements in which each element is at the mean level and 
higher is used to evaluate this effect. At combinations be­
low the mean levels the total effect is negative. This in 
part is due to the rather large total effect of K on the dry 
matter yield of roots at the mean and higher levels of N, P, 
K and Ca. 
Equation 25 is the regression of total Mg in the corn 
roots on selected variates. The Mg content is directly re­
lated to the joint effects of H x P x K x Ca. The effects 
of K and Ca at the mean levels are positive. The total 
effect of either K or Ca is positive when any combination of 
levels for the five elements in which each element is at the 
mean level and higher is used to evaluate these effects. 
In this study, the multiple regression analyses for the 
content of N, P, K, Ca and Mg in the corn plants shows that 
significant interactions are present. In all cases the mean 
level of a given element had a highly significant effect on 
the content of that element in the leaves, stalks and roots. 
However, the importance of interactions among elements are 
shown in the multiple regression equations. With the 
effects of two elements being considered in an uptake study, 
the results from this study show that the levels of other 
elements that are being held constant can influence the 
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results obtained. 
As shown in Table 14, 85.37 to 98.20 percent of the 
variation in the total content of N, P, K, Ca and Mg in the 
leaves, stalks and roots of the corn plants was accounted 
for by the multiple regression analyses. Shown in Tables 
15 through 29 are the analyses of variance for the regres­
sion equations that are listed in Table 14. Except for 
total Mg in the leaves, the P-values for treatments, linear 
and quadratic effects are highly significant. Except for 
the analyses of variance for the total content of Ca in the 
stalks and roots, all the P-values for the interaction 
effects are highly significant. However, as shown in 
Tables 15 through 29, a majority of the P-values for lack 
of fit are significant or highly significant. A statisti­
cally significant lack of fit gives evidence that the varia­
tion around the fitted function is larger than that which 
might be expected from experimental error alone. This con­
flict between the statistical adequacy of the multiple re­
gression analyses may be partly due to the small experi­
mental error mean square which results from a highly precise 
experiment. The rest is due to absence of the variables Na 
and CI which were variable and are known to influence 
nutrient uptake. 
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Table 18. Analysis of variance of regression equation 11 
for total N in leaves 
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.01570 0.01570 1 .93 
Treatments 42 9.7337 0.2318 28 .48** 
Linear 5 7.7872 1.5574 191 .37** 
Quadratic 5 1.2050 0.2410 29 .61** 
Interactions 12 0.4144 0.03453 4 .24** 
Lack of fit 20 0.3271 0.01636 2 .01* 
Experimental error 42 0.3418 0.008138 
Table 19. Analysis of variance of regression equation 12 
for total P in leaves 
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.0002334 0.0002334 1.31 
Treatments 42 0.1961 0.004669 26.30** 
Linear 5 0.1588 0.03176 178.93** 
Quadratic 5 0.01708 0.003416 19.24** 
Interactions 10 0.008860 0.0008860 4.99** 
Lack of fit 22 0.01136 0.0005164 2.91** 
Experimental error 42 0.007456 0.0001775 
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Table 20. Analysis of variance of regression equation 13 
for total K in leaves 
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.008146 0.008146 i.4o 
Treatments 42 7.2841 0.1734 29.73** 
Linear 5 5.7762 1.1552 198.05** 
Quadratic 5 0.6464 0.1293 22.17** 
Interactions 10 0.2754 0.02754 4.72** 
Lack of fit 22 0.5861 0.02664 4.57** 
Experimental error 42 0.2450 0.005833 
Table 21. Analysis of variance of regression equation 14 
for total Ca in leaves 
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 O.OOOOOO38 0.00000038 0.00 
Treatments 42 0.1362 0.003243 18.80** 
Linear 5 0.09648 0.01930 111.88** 
Quadratic 5 0.01911 0.003822 22.16** 
Interactions 10 0.008360 0.0008360 4.85** 
Lack of fit 22 0.01225 0.0005568 3.23** 
Experimental error 42 0.007247 0.0001725 
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Table 22. Analysis of variance of regression equation 15 
for total Mg in leaves 
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.000206 0.000206 0.07 
Treatments 42 0.4879 0.01162 3.71** 
Linear 5 0.2604 0.05208 16.64** 
Quadratic 5 0.03904 0.007808 2.50* 
Interactions 10 0.1514 0.01514 4.84** 
Lack of fit 22 0.03706 0.001685 0.54 
Experimental error 42 0.1314 0.003129 
Table 23. Analysis of variance of regression equation 16 
for total N in stalks 
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.00005204 0.000Q5204 0.01 
Treatments 42 5.9137 0.1408 28.62** 
Linear 5 5.2272 1.0454 212.52** 
Quadratic 5 0.2450 0.04900 9.96** 
Interactions 12 0.2070 0.01725 3.51** 
Lack of fit 20 0.2345 0.01172 2.38** 
Experimental error 42 0.2066 0.004919 
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Table 24. Analysis of variance of regression equation 17 
for total P in stalks 
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.00001805 0.00001805 0.11 
Treatments 42 0.1110 0.002643 15.53** 
Linear 5 0.08470 0.01694 99.53** 
Quadratic 5 0.01024 0.002048 12.03** 
Interactions 10 0.009522 0.0009522 5.59** 
Lack of fit 22 0.006538 0.0002972 1.75 
Experimental error 42 0.007148 0.0001702 
Table 25. Analysis of variance of regression equation 18 
for total K in stalks 
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.02672 0.02672 3.95 
Treatments 42 15.1549 0.3608 53.37** 
Linear 5 13.7982 2.7596 408.22** 
Quadratic 5 0.4304 0.08608 12.73** 
Interactions 13 0.6474 0.04980 7.37** 
Lack of fit 19 0.2789 0.01468 2.17* 
Experimental error 42 0.2839 0.006760 
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Table 26. Analysis of variance of regression equation 19 
for total Ca in stalks 
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.0003003 0.0003003 1.06 
Treatments 42 0.1293 0.003079 10.84** 
Linear 5 0.09792 0.01958 68.94** 
Quadratic 5 0.01598 0.003196 11.25** 
Interactions 11 0.006488 0.0005898 2.08* 
Lack of fit 21 0.008912 0.0004244 1.49 
Experimental error 42 0.01193 0.0002840 
Table 27. Analysis of variance of regression equation 20 
for total Mg in stalks 
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.00003193 0.00003193 0.06 
Treatments 42 0.5929 0.01412 27.89** 
Linear 5 0.4478 0.08956 176.93** 
Quadratic 5 0.05640 0.01128 22.28** 
Interactions 12 0.04584 0.003820 7.55** 
Lack of fit 20 0.04286 0.002143 4.23** 
Experimental error 42 0.02126 0.0005062 
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Table 28. Analysis of variance of regression equation 21 
for total N in rootsa 
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.01534 0.01534 8.89** 
Treatments 42 0.6102 0.01453 8.42** 
Linear 5 0.4396 0.08792 50.94** 
Quadratic 5 0.0333& 0.006676 3.87** 
Interactions 11 0.07720 0.007018 4.07** 
Lack of fit 21 0.06002 0.002858 1.66 
Experimental error 4l 0.07077 0.001726 
The yield of roots from one pot was lost. The method, 
as described by Snedecor (52), with one observation missing 
was used in computing the analyses of variance for root 
nutrient yield data. 
Table 29. Analysis of variance of regression equation 22 
for total P in roots8-
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.0004114 0.0004114 5.44* 
Treatments 42 0.02890 0.0006881 9.09** 
Linear 5 0.01801 0.003602 47.61** 
Quadratic 5 0.001947 0:0003894 5.15** 
Interactions 13 0.004700 0.0003615 4.78** 
Lack of fit 19 0.004243 0.0002233 2.95** 
Experimental error 4l 0.003102 0.00007566 
aSee footnote, Table 28. 
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Table 30. Analysis of variance of regression equation 23 
for total K In roots8-
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.007836 0.007836 8.93** 
Treatments 42 1.1866 0.02825 32.21** 
Linear 5 0.8978 0.1796 204.77** 
Quadratic 5 0.05846 O.OII69 13.33** 
Interactions 14 0.1168 0.008343 9.51** 
Lack of fit 18 0.1135 O.OO6306 7.19** 
Experimental error 4l 0.03596 0.0008771 
aSee footnote, Table 28. 
Table 31. Analysis of variance of regression equation 24 
for total Ca in roots8-
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.00004048 0.00004048 1.56 
Treatments 42 0.1153 0.002745 10.60** 
Linear 5 0.09038 0.01808 69.81** 
Quadratic 5 0.007910 0.001582 6.11** 
Interactions 14 0.006196 0.0004426 1.72 
Lack of fit 18 0.01081 0.0006006 2.32* 
Experimental error 4l 0.01062 0.0002590 
aSee footnote, Table 28. 
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Table 32. Analysis of variance of regression equation 25 
for total Mg in roots3-
Source Degrees 
of of Sums of Mean 
variation freedom squares squares F 
Replications 1 0.001747 0.001747 11.49** 
Treatments 42 0.1745 0.004155 27.32** 
Linear 5 0.1209 0.02418 158.97** 
Quadratic 5 0.01011 0.002022 13.29** 
Interactions 15 0.02240 0.001493 9.82** 
Lack of fit 17 0.02109 0.001241 8.16** 
Experimental error 4l 0.006237 0.0001521 
aSee footnote, Table 28 
4. Na and CI content of leaves, 
stalks and roots of corn 
This section will deal with Na and CI contents of the 
three plant parts of corn grown in nutrient solution-sand 
cultures. Reasons for excluding the Na and CI variables in 
the multiple regression analyses were presented in the dis­
cussion relating to the multiple regression model. 
The effect of different levels of Na in the growing 
solutions on the total Na content of the leaves, stalks and 
roots are shown in Table 33. These results are variable in 
that an increase in the Na level did not always result in an 
increase in the Na content of the plants. This resulted 
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Table 33. The effect of different levels of Na on the 
milligrams of Na in the leaves, stalks and roots 
of corn grown in a nutrient solution-sand culture3-
Uptake in milligrams 
in ppm. Leaves Stalks Roots 
0 1.8 3.7 34.3 
1 2.1 3.0 27.7 
16 1.5 3.4 71.4 
20 1.2 3.2 109.8 
27 0.8 3.8 108.4 
46 9.5 6.8 156.6 
49 2.1 6.4 139.8 
50 1.1 7.2 176.8 
51 1.5 6.8 92.6 
53 1.4 6.8 187.1 
76 3.9 40.0 193.4 
77 2.9 16.2 205.0 
81 5.2 45.0 283.4 
99 7.9 76.9 260.6 
105 13.4 100.0 201.3 
106 10.3 103.8 222.6 
110 8.8 87.6 241.0 
129 14.2 200.2 432.0 
133 18.8 100.3 273.7 
158 55.8 278.4 398.4 
159 35.8 189.2 263.2 
l6l 46.6 227.6 375.1 
162 19.6 141.6 324.1 
166 31.4 248.1 564.8 
188 62.9 275.8 415.6 
192 51.4 220.7 316.1 
214 68.1 320.1 480.9 
243 103.1 356.2 420.8 
244 108.8 433.1 457.8 
273 129.1 390.6 392.3 
303 225.2 517.6 300.2 
aAll values are expressed as milligrams per pot and 
calculated on the basis of treatment means. 
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from the effects of the other variable elements on plant 
growth and Na absorption. In 48 hour absorption studies 
with three-week-old corn plants, Huffaker and Wallace (28) 
reported that high levels of K decreased Na absorption with 
the inhibitory effect of K being much greater at low concen­
trations of Na. They found that solutions with 3.9 and 39 
ppm. of K stimulated Na absorption. 
The Na content of the leaves and stalks is almost con­
stant and very small for the 0 to 53 ppm. levels. Other 
investigators have reported that only small amounts of Na 
were found in the aerial shoots of corn (37, 40). Truog 
et al. (55) found that Na entered the roots in appreciable 
quantities but failed to pass into the tops. However, these 
results show different quantities of Na were absorbed and 
translocated into the leaves and stalks. These results also 
show that a relatively high level of Na was required before 
a sizeable difference was detected in the Na content of the 
leaves and stalks. 
The effect of different levels of CI in the growing 
solutions on the total CI content of the leaves, stalks and 
roots is shown in Table 34. These results indicate that CI 
was readily absorbed by the plants. With CI levels above 14 
ppm. in the growing solutions, the stalks have the highest 
CI content. The simple correlation coefficients in Tables 
4, 5 and 6 for the N, P, K, Ca, Mg, Na and CI content of 
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Table 34. The effect of different levels of CI on the 
milligrams of CI in the leaves, stalks and roots 
of corn grown in a nutrient solution-sand culture3. 
Levels 
of CI 







































aAll values are expressed as milligrams per pot and 
calculated on the basis of treatment means. 
leaves, stalks and roots do not indicate a high content of 
CI was associated with an increase or decrease in the con­
tent of the other elements in the three plant parts except 
for N in the stalks and K and Mg in the roots. The 
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correlation for N and CI in the stalks is -0.373 whereas the 
correlation coefficient for the levels of these elements in 
the growing solutions is 0.56. The correlation coefficients 
for K and CI, and Mg and CI contents of the roots are 0.579 
and 0.791, respectively. The corresponding correlation co­
efficients for the levels of these elements in the growing 
solutions are 0.19 and 0.40. 
5. Cationic and anionic ratios for the chemical 
composition of the corn plants 
This phase of the study will cover certain cationic and 
anionic ratios with respect to dry matter yields. Also, the 
constancy of the total milliequivalents of cations will be 
investigated for the different treatments. 
The Ca plus Mg to K ratios for the leaves, stalks and 
roots are shown in Table 35. Similar leaf and stalk dry 
matter yields were obtained with different ratios. This can 
be observed when comparisons are made among the dry matter 
yields and ratios for treatments 6, 8 and 10. It can also 
be observed for treatments 1 and 2 that a higher level of N 
increased the ratio in the three plant parts. The results 
from treatments 3 and 4 show that a higher level of P had 
little effect on the ratios. 
The cation to anion ratios for the leaves, stalks and 
roots are shown in Table 36. These results show that the 
total milliequivalents of K, Ca, Mg and Na are unequal to 
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Table 35. Treatment effects on the mllllequlvalent ratios 
of Ca plus Mg to K for the leaves, stalks and 
roots of corn grown in nutrient solution-sand 
cultures 
Treatment 
number Leaves Stalks Roots 
1 0.441 0.367 0.941 
2 0.914 0.777 3.312 
3 0.795 0.808 2.019 
4 0.793 0.875 1.816 
5 3.373 6.558 8.933 
6 0.409 0.383 1.231 
7 0.774 0.632 1.468 
8 1.206 1.412 2.635 
9 0.421 0.349 2.155 
10 1.056 1.217 2.745 
11 0.752 0.942 2.045 
12 1.056 1.216 3.078 
13 0.692 0.726 2.503 
14 0.355 0.293 0.914 
15 0.938 1.447 4.115 
16 1.165 1.591 3.174 
17 1.171 1.104 6.458 
18 0.352 0.262 0.799 
19 0.576 0.586 1.943 
20 1.434 1.863 4.845 
21 1.410 2.000 5.127 
22 1.093 1.821 4.906 
23 1.048 1.613 7.474 
24 1.567 0.508 1.435 
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Table 35. (Continued) 
Treatment 
number Leaves Stalks Roots 
25 0.629 0.444 1.318 
26 0.844 1.166 3.164 
27 0.584 0.591 2.000 
28 1.784 2.396 5.915 
29 1.166 1.632 4.863 
30 0.544 0.365 1.161 
31 0.479 0.439 1.435 
32 0.659 0.605 1.557 
33 0.492 0.470 1.279 
34 1.124 1.368 4.910 
35 1.334 1.878 5.171 
36 O.826 0.696 2.063 
37 0.541 0.534 1.672 
38 0.903 0.862 3.009 
39 1.646 2.504 6.547 
40 0.667 0.602 1.204 
4l 0.630 0.545 1.446 
42 0.791 0.993 3.019 


























Treatment effects on the mllllequlvalent ratios 
of K plus Ca plus Mg plus Na to N plus P plus CI 
for the leaves, stalks and roots of corn grown, in 
nutrient solution-sand cultures 
Leaves Stalks Roots 
0.719 0.855 0.872 
0.475 0.748 0.957 
0.539 0.913 1.023 
0.444 0.748 0.959 
0.426 0.614 0.951 
0.519 0.938 0.982 
0.476 0.792 1.048 
0.487 0.746 0.800 
0.419 0.695 0.956 
0.480 0.729 0.782 
o.46l 0.764 0.788 
0.473 0.814 1.081 
0.496 0.922 0.982 
0.592 1.069 1.087 
0.497 0.732 1.082 
0.556 0.792 0.934 
0.481 O.729 0.996 
0.602 1.214 0.953 
0.546 0.859 1.136 
0.549 0.777 0.944 
0.470 0.768 0.978 
0.547 0.808 0.931 
0.441 0.698 I.266 
0.575 0.922 1.041 
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Table 36. (Continued) 
Treatment 
number Leaves Stalks Roots 
25 0.463 0.823 1.119 
26 0.491 0.725 I.031 
27 0.566 0.842 I.027 
28 0.463 0.691 0.921 
29 0.518 0.712 0.925 
30 0.463 0.821 I.032 
31 0.506 0.818 0.487 
32 0.490 0.757 0.932 
33 0.574 0.910 0.941 
34 0.416 0.679 1.033 
35 0.510 0.774 0.864 
36 0.486 0.818 0.985 
37 0.525 0.816 0.913 
38 0.459 0.730 0.795 
39 0.456 0.647 0.901 
40 0.489 0.749 0.853 
4l 0.465 0.712 0.987 
42 0.536 1.050 I.083 
43 0.452 0.745 0.912 
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the total milliequivalents of N, P and CI in the three plant 
parts. The results show that differences in the ratios were 
obtained. However, these differences are not consistent 
with dry matter yield differences. 
Wadleigh (60) states that a low level of K in the plant 
is associated with accumulations of other cations. Other 
workers have emphasized the tendency for the summation of 
the cation equivalencies per unit weight of dry matter to be 
constant for a given species over a wide range of mineral 
nutrition (15, 63, 64). 
The total milliequivalents of K, Ca, Mg and Na based on 
100 grams of plant material are listed in Table 37. The 
milliequivalent content of the cations is not constant in 
the three parts of the corn plants. For this relationship 
to hold an increase in the content of one cation in the 
plant tissue would result in a decrease in the content of 
one or more of the other cations. Results from cation 
absorption studies with barley roots (59) have shown that 



























Treatment effects on the milliequivalents of K, 
Ca, Mg and Na per 100 g. of leaves, stalks and 
roots of corn plants grown in nutrient solution-
sand cultures 
Leaves Stalks Roots 
120 199 131 
146 261 253 
131 194 159 
135 231 154 
127 169 173 
138 233 183 
138 24l 195 
148 235 l8l 
122 209 170 
139 218 173 
133 208 l4l 
138 24l 211 
110 148 131 
118 187 152 
123 167 201 
125 166 135 
148 266 180 
118 167 l4l 
120 186 162 
133 178 154 
137 217 212 
118 133 125 
131 212 244 






















Leaves Stalks Roots 
133 245 211 
110 118 132 
134 215 203 
149 223 179 
158 237 189 
143 283 230 
133 222 150 
145 238 185 
123 198 173 
129 214 198 
133 201 158 
143 252 236 
l4l 254 l6l 
149 268 150 
135 199 204 
148 269 206 
l4l 255 210 
117 145 125 
147 266 241 
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V. SUMMARY AND CONCLUSIONS 
Corn was grown in a nutrient solution-sand culture to 
study the effect of interactions among seven elements on the 
growth and nutrient content of these elements in the plants. 
Five levels of N, P, K, Ca, Mg and 31 of Na and 18 of CI 
were used in 43 treatment combinations. The levels of N, P, 
K, Ca and Mg were selected but the levels of Na and CI were 
added as balancing ions and could not be set at a specified 
level for each treatment. The levels of S and the minor 
elements were constant for all treatments. Ten kilograms of 
white sand were placed in glazed ceramic pots and three corn 
plants of a single cross B-14 x 38-11 were grown in each 
pot. The nutrient solutions were forced into the sand and 
allowed to drain back into the reservoirs four times each 
day. The experimental design used in the greenhouse was a 
randomized block with two replications. The period of time 
from plant emergence to harvest was 43 days. The leaves 
were separated from the stalks at the time of harvest. 
Later the roots were removed from the sand. The leaves, 
stalks and roots were analyzed for total N, P, K, Ca, Mg, 
Na and CI. 
The effects of Na and CI on the dry matter yield of the 
plants could not be evaluated in the multiple regression 
analyses. The data presented in Table 3 show that for 
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selected treatment comparisons the levels of Na and CI did 
not have a large influence on the dry matter yields of the 
leaves, stalks and roots. 
The simple correlations presented in Tables 4, 5 and 6 
show that an increase in either N, P, K, Ca or Mg in the 
plants was generally associated with an increase in the 
total content of the other elements except for the P and 
Ca content of the stalks. In most cases the negative simple 
correlations for either Na or CI with the other elements in 
the plants are associated with negative simple correlations 
for the levels of these elements in the nutrient solutions. 
One rather striking exception to this is the negative corre­
lation for the N and CI content of the stalks. 
There were rather large differences in the dry matter 
yields of the plants that are due to the treatments. 
Figures 1 through 5 show the effects of different levels of 
N, P, K, Ca and Mg on dry matter yields. These figures 
represent an average effect for different levels of a vari­
able element at the mean level of four other elements. In 
these figures the effects of the interactions on plant 
yields are not shown. 
Two difficulties were encountered in the multiple re­
gression analyses of the data. The first difficulty was 
that a correct inverse could not be obtained for the sums of 
squares and cross products matrix that contained the linear, 
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quadratic and all 2-factor interactions for the seven vari­
able elements. The first inverse was nonsymmetrical. In 
another attempt to obtain a correct inverse, the ppm. levels 
of Na and CI were divided by 100 to reduce the large range 
for the sums of squares and cross products values. Also, a 
coding method was devised that would reduce the simple 
2 2 
correlations between Na and Na , and CI and CI to zero. 
The inverse for this matrix was also nonsymmetrical. 
In further attempts to obtain a correct inverse matrix, 
variates were deleted from the regression model. When five 
variates that involved interactions were deleted the inverse 
had 16 negative c^  values on the diagonal and was nonsym­
metrical. However, a successful inverse was obtained when 
additional variates were deleted. The reason or reasons for 
negative c^  values and nonsymmetrical inverses were not ob­
tained. These results could have been due to small deter­
minant values of the matrices or rounding errors in the 
computations of the inverses. 
The second difficulty that was encountered in the 
multiple regression analysis was that the linear effects of 
K, Ca and Mg were negative when Na and CI variates were in­
cluded in the analyses for dry matter yields. These results 
are shown in Table 8. Indications are that a relatively 
large range in the intercorrelations for the independent 
variables and the correlations between the independent and 
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dependent variables were responsible for the sign changes. 
The failure to obtain a correct inverse and the re­
versal of the signs for the linear effects of K, Ca and Mg 
could have been eliminated if the levels of Na and CI could 
have been selected. If the levels of Na and CI could have 
been selected, then the levels for all seven elements could 
have been made orthogonal. Then the solution to seven 
simultaneous equations would have been required to obtain 
the quadratic coefficients. However, this point brings up 
one difficulty in nutrient solution culture experiments and 
that is establishing the levels that are to be studied. 
Levels of elements that are to be studied can be varied 
without varying other elements in the solutions but in this 
case a limited control over the levels of any given element 
can be exercised. To exercise complete control over the 
levels of all elements in this type of study, each element 
could be put on an ion exchange resin and then added at the 
desired levels. 
The interaction effects on dry matter yields and total 
elemental content of the leaves, stalks and roots are shown 
in Tables 13 and 17. The dry matter yields of leaves, 
stalks and roots are directly related to the joint effects 
of N, P, K and Ca. The effect of one of these elements 
on the growth of the corn plants is not independent of the 
levels of the other three elements. Also, the dry matter 
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yield of roots is directly related to the joint effects of 
P, K, Ca and Mg. 
The total N, P, K, Ca and Mg contents of the corn 
leaves are related to the following interaction effects: 
a. N content: N x K x Ca, N x P x Ca, P x Ca, N x Ca, 
and N x K 
b. P content: P x K and N x P 
c. K content : Ca x Mg, N x Mg, N x Ca and N x K 
d. Ca content: K x Mg, N x Ca, N x K and N x P 
e. Mg content: K x Mg and N x Mg 
The total N, P, K, Ca and Mg contents of the corn 
stalks are related to the following interaction effects: 
a. N content: NxKxCa, NxPx Ca, K x Ca, P x Mg, 
N x Mg, N x Ca and N x K 
b. P content : P x Ca x Mg, N x P x Ca, P x Ca, 
N x Mg, N x Ca, N x K and N x P 
c. K content: N x P x K x Ca, N x P x Mg, N x P x Ca, 
K x Ca, P x Ca, N x Mg, N x Ca, N x K and N x P 
d. Ca content: N x P x Ca, K x Mg, K x Ca and N x K 
e. Mg content: P x Ca x Mg, N x P x Ca, P x Ca, 
N x Mg and N x Ca 
The total N, P, K, Ca and Mg contents of the corn roots 
are related to the following interaction effects: 
a. N content: N x P x Ca, Ca x Mg, K x Ca, P x Ca 
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and N x K 
b. P content : N x P x K x Ca, N x P x Ca, N x P x K, 
K x Ca, P x K and N x Ca 
c. K content: N x P x K x Ca, N x P x Ca, N x P x K, 
Ca x Mg, N x Mg, N x K and N x P 
d. Ca content: N x P x K x Ca, P x Ca x Mg, N x P x 
Ca, N x P x K, Ca x Mg, P x Mg, P x Ca, N x K and 
N x P 
e. Mg content: N x P x K x Ca, N x Ca x Mg, N x P x 
Ca, N x P x K, Ca x Mg, N x Mg and N x P 
Na was absorbed and translocated into the leaves and 
stalks; however, a relatively high level of Na was required 
in the growing solutions before an appreciable increase in 
the Na content of the leaves and stalks was noted. CI was 
more readily translocated into the leaves and stalks than 
Na. With CI levels above 14 ppm. in the growing solutions, 
the stalks have the highest CI content. 
Differences in the Ca plus Mg to K ratios for the three 
plant parts are not directly related to yield differences. 
• 
The cation to anion ratios are generally lower in the leaves 
and stalks than are those for the roots. There are differ­
ences in these ratios which reflect the differences in the 
cation to anion content of the plants. However, the differ­
ences in the ratios did not necessarily reflect differences 
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in dry matter yields. 
The sum of the milliequivalents of K, Ca, Mg and Na per 
100 grams of plant material is not constant. These differ­
ences are due to interaction effects associated with anions 
and cations on the absorption and growth of the plants. 
Most of the multiple regression equations either had a 
significant or highly significant F-value for the lack of 
fit. This is largely due to the effects from the Na and CI 
variables that were not included in the multiple regression 
analyses. The effects associated with the 3- and 4-factor 
interaction terms give rather conclusive evidence that a 
multiple regression model with only linear, quadratic and 
2-factor interaction terms is not adequate for fully 
assessing the treatment effects in a nutrient solution-sand 
culture experiment of this kind. 
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VIII. APPENDIX 
Table 38. Treatment numbers, green and dry weights of leaves 
in grams per three corn plants grown in a nutrient 
solution-sand culture 
Treatment Green weight Dry weight 
number Rep I Rep II Rep I Rep II 
1 93.0 113.0 7.08 8.65 
2 320.0 306.0 19.37 22,68 
3 251.0 265.0 18.76 19.32 
4 304.0 327.0 17.55 20.80 
5 221.0 236.0 16.59 16.88 
6 493.0 480.5 29.62 29.22 
7 352.0 345.0 19.48 22.54 
8 507.0 451.0 33.05 25.75 
9 281.0 298.5 15.89 20.05 
10 445.0 464.0 27.53 29.39 
11 378.0 329.0 24.51 20.62 
12 262.0 298.5 16.08 20.77 
13 240.0 208.0 18.51 17.50 
14 335.0 289.O 23.31 23.30 
15 270.0 283.O 20.24 17.73 
16 287.O 276.0 18.81 22.28 
17 281.5 290.0 16.33 17.00 
18 336.0 316.5 25.77 25.96 
19 381.0 334.5 26.83 22.85 
20 261.0 302.0 16.78 23.33 
21 275.0 308.0 19.08 21.80 
22 238.0 272.0 18.78 22.00 
23 313.0 274.5 20.28 28.59 






















Green weight Dry weight 
Rep I Rep II Rep I Rep II 
364.0 480.0 23.23 31.35 
287.0 227.0 20.67 15.85 
372.0 343.0 26.33 20.48 
359.0 342.0 25.36 20.40 
230.0 326.5 13.82 22.22 
384.0 352.5 22.67 20.28 
273.5 257.0 17.67 15.19 
451.5 372.0 28.40 20.42 
364.5 328.0 22.59 24.11 
311.0 286.0 22.31 18.75 
256.0 244.0 17.84 15.12 
446.0 491.0 29.67 33.29 
269.4 274.0 13.85 16.84 
387.0 349.0 20.52 22.29 
379.5 385.0 27.22 25.13 
410.0 338.5 23.53 19.04 
447.0 430.0 25.77 26.33 
212.5 234.0 15.65 19.00 



























Treatment numbers, green and dry weights of stalks 
In grams per three corn plants grown In a nutrient 
solution-sand culture 
Green weight 






















































Table 39. (Continued) 
Treatment Green weight Dry weight 
U11UCX' Rep I Rep II Rep I Rep II 
26 150.0 132.0 23.91 20.65 
27 212.5 206.0 32.04 29.52 
28 258.0 243.0 38.79 33.32 
29 188.0 227.0 26.47 35.22 
30 249.0 246.5 35.83 35.21 
31 170.0 164.0 23.66 23.00 
32 289.5 247.5 42.33 34.00 
33 207.O 189.0 30.84 29.22 
34 224.0 223.0 36.22 33.67 
35 166.0 160.0 24.72 23.08 
36 309.0 324.5 45.00 47.30 
37 180.0 177.0 22.52 24.32 
38 276.0 234.5 36.33 32.51 
39 266.0 259.0 39.82 37.72 
40 283.5 247.0 39.45 33.10 
41 297.5 284.0 42.31 42.98 
42 152.0 172.5 23.51 27.42 
43 311.0 337.5 . . 40.95 47.71 
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Table 40. Treatment numbers, percent sand-free plant 
material and dry weights of roots In grams per 






Rep I Rep II 
Corrected 
weights 
Rep I Rep II 
1 88.96 89.64 6.46 8.09 
2 78.64 56.82 11.36 9.15 
3 63.20 73.30 9.61 10.79 
4 77.14 65.44 11.46 9.91 
5 79.7 6 76.28 6.99 7.73 
6 61.74 69.76 16.32 19.37 
7 81.40 89.64 12.50 10.43 
8 86.04 49.56 18.29 11.26 
9 69.76 71.82 7.23 11.75 
10 77.78 77.66 17.70 17.10 
11 88.46 72.34 12.15 12.28 
12 79.72 86.56 10.83 10.01 
13 75.10 73.06 10.30 11.33 
14 63.60 75.90 13.39 12.68 
15 48.26 34.26 11.15 7.69 
16 85.08 71.82 12.35 13.01 
17 90.54 90.30 8.49 9.15 
18 73.80 57.30 13.94 11.02 
19 61.04 57.76 18.42 14.72 
20 69.58 64.14 10.17 14.25 
21 78.12 81.22 8.09 11.40 
aThe yield of roots from one pot was lost. 
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Table 40. (Continued) 
Percent Corrected 
Treatment plant material weights 
imucj. Rep I Rep II Rep I Rep II 
22 76.64 86.46 11.55 12.07 
23 63.92 72.40 13.46 7.83 
24 61.82 88.68 15.84 15.01 
25 89.36 86.02 11.28 16.11 
26 82.10 75.48 15.68 10.26 
27 65.42 58.48 14.58 12.81 
28 89.00 70.24 12.74 8.97 
29 90.70 87.31 7.95 11.56 
30 78.92 72.95 11.77 12.70 
31 78.90 61.24 9.94 9.77 
32 84.88 74.20 13.19 12.07 
33 63.56 79.50 15.62 14.11 
34 84.94 92.80 13.89 11.47 
35 54.18 72.86 9.99 10.41 
36 76.98 89.50 18.43 16.85 
37 66.98 - 9.04 -
38 64.56 76.42 10.36 9.97 
39 79.40 55.38 9.05 8.43 
40 78.30 82.34 12.79 9.84 
4l 67.20 77.26 15.96 15.83 
42 63.40 87.12 10.40 11.77 



























Treatment numbers and percent K, Ca, Mg and Na In 























































































































































































































Table 4l. (Continued) 
Percent K Percent Ca Percent Mg Percent Na 
Treatment Rep Rep Rep Rep Rep Rep Rep Rep 
number I II I II I II I II 
26 2.30 2.35 .385 .389 .369 .383 .006 .004 
27 3.40 3.18 .354 .385 .383 .364 .011 .003 
28 2.05 2.10 .404 .423 .836 .974 .019 .031 
29 2.45 2.93 .242 .231 .862 .831 .158 .173 
30 3.10 3.45 .246 .285 .378 .409 .280 .333 
31 3.52 3.50 .404 .373 .287 .287 .007 .006 
32 3.25 3.55 .423 .423 .411 .469 .023 .018 
33 3.25 3.20 .227 .200 .369 .357 .005 .011 




.532 .525 .168 .193 
35 2.25 2.20 .439 .516 .614 .656 .006 .007 
36 3.05 2.95 .227 .273 .621 .616 .063 .073 
37 3.71 3.43 .404 .327 .420 .341 .006 .003 
38 3.00 3.13 .427 .423 .581 .626 .001 .008 




.831 .696 .008 .007 
40 3.35 3.50 .212 .212 .581 .579 .056 .048 
4l 3.45 3.24 .400 .389 .399 .434 .013 .053 
42 2.56 2.55 .331 .412 .423 .383 .013 .007 
43 3.22 2.73 .389 .385 .630 .614 .009 .014 
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Table 42. Treatment numbers and percent K, Ca, Mg and Na In 























1 5.78 5.58 .346 .438 .363 .443 .013 .011 
2 4.60 3.70 .307 .230 .883 .790 1.748 1.648 
3 4.20 4.15 .545 .461 .683 .804 .021 .015 
4 4.80 4.45 .315 .434 1.114 .948 .313 .190 
5 .83 .65 .430 .442 1.309 1.177 .658 .538 
6 6.68 6.45 .480 .436 .545 .461 .009 .016 
7 4.95 4.40 .138 .196 .918 .722 1.298 .898 
8 3.60 4.03 .660 .802 1.174 1.291 .033 .015 
9 5.20 4.35 .564 .576 .196 .144 1.248 .898 
10 3.98 3-70 .388 .468 1.214 1.170 .013 .015 
11 4.40 3.86 .392 .384 1.020 .934 .037 .022 
12 2.93 2.40 .303 .307 .864 .769 2.148 2.098 
13 3.03 2.20 .288 .207 .541 .410 .793 .348 
14 5.73 5.51 .384 .330 .315 .277 .030 .028 
15 2.43 2.90 .576 .898 .652 .864 .012 .022 
16 2.80 2.23 .326 .346 1.142 .932 .012 .024 
17 2.50 2.35 .246 .207 .678 .711 3.323 2.898 
18 5.35 4.90 .207 .276 .294 .249 .034 .036 
19 4.60 4.53 .568 .614 .471 .480 .016 .011 
20 2.75 2.20 .630 .680 1.188 .878 .012 .014 
21 2.60 2.30 .303 .238 1.240 1.456 .773 .623 
22 1.88 1.80 .269 .261 .878 .881 .006 .008 
23 2.70 2.23 .507 .534 .883 .911 1.198 1.098 
24 5.40 4.95 .224 .288 .708 .617 .028 .013 
25 5.58 5.00 .326 .307 .499 .559 1.173 1.173 
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26 2.48 2.70 .472 .526 .589 .690 .046 .031 
27 4.76 5.93 .445 .576 .601 .746 .010 .021 
28 2.35 2.40 .603 .515 1.335 1.538 .383 .383 
29 3.10 2.50 .219 .204 1.356 1.198 1.348 1.148 
30 5.63 5.53 .192 .238 .489 .522 2.123 1.898 
31 6.10 5.93 .557 .538 .454 .527 .022 .021 
32 4.98 6.15 .407 .603 .683 .799 .313 .318 
33 5.73 4.80 .230 .192 .711 .571 .018 .007 
34 2.43 2.75 .438 .507 .736 .902 1.298 1.398 
35 2.60 2.85 .902 .599 1.002 I.263 .053 .012 
36 5.20 4.85 .211 .261 .974 .913 .833 .748 
37 7.00 6.03 .576 .499 .885 .641 .012 .013 
38 5.93 5.30 .572 .611 1.246 1.046 .020 .043 
39 2.08 2.30 .419 .488 1.389 1.470 .122 .116 
40 5.93 6.25 .253 .292 .986 .955 .498 .438 
41 6.00 5.20 .538 .453 .641 .655 .718 .818 
42 * 3.03 2.40 .384 .207 .657 .652 .304 .094 
43 5.93 5.25 .442 .442 1.235 1.014 .148 .155 
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Table 43. Treatment numbers and percent K, Ca, Mg and Na In 






















1 2.92 • 2.18 .247 .323 .573 .548 .137 .143 
2 .60 .77 .436 .787 .285 .403 3.704 4.600 
3 1.80 1.55 .732 .578 .758 .558 .891 .529 
4 .99 1.03 .350 .530 .258 .364 1.572 2.235 
5 .25 .18 .507 .576 .246 .279 3.458 2.081 
6 3.36 2.76 .787 .602 .867 .643 .264 .183 
7 .91 .74 .170 .162 .296 .258 3.388 3.132 
8 1.83 1.92 .873 1.734 .747 .882 .169 .194 
9 .57 .64 .580 .510 .097 .078 2.850 2.727 
10 1.69 1.72 .575 .516 1.160 I.087 .247 .210 
11 1.16 1.02 .436 .506 .410 .4o4 1.428 1.138 
12 .53 .37 .401 .423 .196 .173 4.182 3.314 
13 .60 .33 .411 .232 .171 .160 2.427 1.722 
14 1.73 1.94 .333 .300 .331 .326 1.561 1.302 
15 1.19 1.09 1.046 1.642 .678 .703 1.188 1.133 
16 .79 1.03 .294 .354 .695 .713 .914 .798 
17 .15 .18 .349 .299 .129 .142 3.416 3.392 
18 1.75 1.72 .199 .471 .193 .294 1.339 1.506 
19 2.21 1.75 .915 .834 .785 .546 .287 .187 
20 .97 .95 .748 .763 1.122 .886 .292 .207 
21 .26 .55 .380 .380 .461 .449 3.954 2.879 
22 .70 .77 .342 .299 .927 .927 .378 .287 
23 .41 • 31 1.194 1.038 .190 .161 4.081 3.160 
24 2.75 2.35 .274 .313 1.101 .817 .294 .206 
aThe yield of roots from one pot was lost. 
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25 1.04 .94 .241 .327 .228 .223 3.814 3.300 
26 .62 .79 .601 .572 .316 .325 1.356 1.375 
27 2.18 2.78 .73 6 .672 1.108 1.095 .405 .246 
28 .53 .37 .671 .658 .444 .459 2.312 2.090 
29 .36 .29 .234 .278 .358 .300 3.675 2.940 
30 1.25 1.17 .322 .396 .175 .256 3.692 3.788 
31 1.84 1.52 .567 .642 .394 .374 1.157 .936 
32 1.58 1.31 .799 .987 .121 .208 2.548 1.534 
33 2.89 2.63 .352 .276 .986 .823 .305 .218 
34 .38 .35 .672 .602 .179 .159 3.459 3.058 
35 .90 .93 .882 .730 1.066 .905 .351 .257 
36 1.43 1.02 .305 .353 .638 .543 3.751 2.601 
37 2.45 - .673 - .866 - .284 , 
38 1.18 1.31 1.074 .797 .706 .477 1.143 .671 
39 .64 .41 .621 1.065 .610 .528 2.724 1.938 
4o 1.77 1.79 .290 .281 .534 .437 2.731 2.013 
4i 1.59 1.34 .774 .658 .285 .163 3.182 2.250 
42 .65 .37 .365 .265 .339 .231 2.134 1.277 
43 1.48 1.87 .798 1.103 .671 .748 1.923 2.423 
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Table 44. Treatment numbers and percent N, P and CI in the 
leaves of corn plants grown in a nutrient 
solution-sand culture 
Percent N Percent P Percent CI 
number Rep I Rep II Rep I Rep II Rep I Rep II 
1 1.47 1.29 .350 .375 1.236 1.181 
2 3.51 3.54 .531 .561 .108 .112 
3 3.16 3.11 .171 .159 .105 .101 




.500 .108 .085 
5 3.45 3.59 .432 .483 .101 .122 
6 3.08 3.07 .387 .339 .405 .370 
7 3.32 3.23 .579 .531 .105 .105 
8 3.17 . 3.17 ' .351 .426 1.404 1.411 
9 3.54 3.38 .501 .386 .102 .126 
10 3.18 3.08 .375 .327 1.202 1.174 
11 3.44 3.29 .534 .399 .077 .126 
12 3.46 3.58 .417 .399 .073 .084 
13 2.72 2.26 .477 .358 .202 .081 
14 2.30 2.10 .243 .243 .667 .684 
15 2.27 2.73 .348 .350 1.153 1.278 
16 2.47 2.13 .324 .297 1.167 1.062 
17 3.47 3.56 
VO VO VO 
.612 .101 .101 
18 2.43 2.12 .331 .291 .150 .108 
19 2.26 2.27 .243 .300 .957 1.278 
20 2.61 2.32 .291 .276 1.488 1.397 
21 3.38 3.52 .417 .378 .213 .195 
22 2.40 2.51 .300 .351 .297 .349 
23 3.54 3.57 .387 .450 .161 .091 
24 2.34 2.18 .270 .240 1.083 1.104 
25 3.58 3.41 .390 .348 .108 .143 
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Table 44. (Continued) 
Treatment Percent N Percent P Percent CI 
number Rep I Rep II Rep I Rep II Rep I Rep II 
26 2.26 2.37 .300 .315 1.006 1.034 
27 2.38 2.39 .265 .285 1.376 1.446 
28 3.46 3.38 .399 .393 1.250 1.509 
29 3.53 3.40 .626 .495 .231 .161 
30 3.43 3.51 .555 .648 .087 .098 
31 2.66 2.53 .390 .414 1.314 1.446 
32 3.54 3.61 .366 .393 .136 .091 
33 2.26 2.15 .318 .282 1.020 .992 





35 2.57 2.49 .348 .468 1.404 1.488 
36 3.19 3.17 .336 .332 1.181 1.307 
37 2.79 2.51 .417 .390 1.697 1.153 
38 3.48 3.54 .359 .369 1.411 1.376 
39 3.50 3.44 .500 .500 .220 .178 
40 3.48 3.40 .495 .600 .101 .178 
41 3.43 3.57 .473 .540 .143 .154 
42 2.67 2.50 .318 .344 .129 .087 



























Treatment numbers and percent N, P and CI in the 
stalks of corn plants grown in a nutrient 
solution-sand culture 
Percent N Percent P Percent CI 
























































































































































Table 45. (Continued) 
Treatment Percent N Percent P Percent CI 
number Rep I Rep II Rep I Rep II Rep I Rep II 
2 6 1.10 1.25 .387 
1—
\ 5
 2.658 2.850 
27 1.33 1.48 .360 .374 4.020 4.579 
28 2.84 2.99 .375 .480 2.588 2.658 
29 3.85 3.46 .765 .705 .197 .152 





31 1.44 1.48 .501 .522 4.073 4.317 
32 3.55 3.98 .444 .546 .037 .065 
33 1.24 1.05 .480 .432 3.496 3.026 
34 3.44 3.78 .555 .657 .037 .030 
35 1.50 1.52 .423 .504 3.532 4.159 
36 2.76 2.81 .432 .390 2.588 2.344 
37 1.91 1.52 .645 .522 5.208 4.421 
38 3.54 3.10 .522 .450 3.182 2.799 
39 3.39 3.48 .57 6 .627 .142 .128 
40 3.80 4.15 .723 .874 .229 .159 
4l 3.87 3.61 .627 .627 .082 .051 
42 1.51 1.20 .447 .390 .076 .089 
43 3.12 2.85 .668 .549 3.164 2.676 
l6l 
Table 46. Treatment numbers and percent N, P and CI In the 
roots of corn plants grown in a nutrient 
solution- sand culture3-
'reatment Percent N Percent P Percent CI 
number Rep I Rep II Rep I Rep II Rep I Rep II 
1 .75 .70 .715 .569 1.459 1.195 
2 2.58 3.10 .504 .792 .057 .128 
3 2.07 1.96 .123 .090 .060 .061 
4 1.30 1.78 .471 .605 .026 .015 
5 2.51 1.60 .369 .374 .043 .022 
6 1.84 1.77 .554 .473 .305 .264 
7 2.15 1.78 .472 .412 .059 .042 
8 1.89 2.17 .397 .521 1.277 1.710 
9 2.03 1.86 • 387 .409 .086 .038 
10 2.07 1.87 .440 .425 1.422 1.334 
11 2.05 1.70 ,427 .473 .035 .043 
12 2.46 2.12 .331 .288 .047 .032 
13 1.12 1.13 .627 .448 .059 .014 
14 1.22 1.13 .363 .356 .756 .744 
15 1.43 1.37 .354 .394 1.845 1.629 
16 1.22 1.13 .328 .305 1.037 1.078 
17 1.99 1.92 .398 .422 .022 .049 
18 1.04 1.16 .614 .775 .113 .175 
19 .87 .90 .378 .301 1.721 1.504 
20 1.23 1.12 .298 .253 1.670 2.051 
21 2.78 2.46 .296 .295 .084 .124 
22 1.08 1.23 .470 .514 .168 .149 
23 2.60 1.75 .282 .265 .103 .062 
24 1.18 1.10 .374 .335 1.800 1.562 
25 2.45 2.03 .312 .317 .019 .028 
aThe yield of roots from one pot was lost. 
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Table 46. (Continued) 
Treatment Percent N Percent P Percent CI 
number Rep 1 Rep II Rep I Rep II Rep I Rep II 
26 .85 .93 .431 .362 .841 1.081 
27 * 1.27 1.27 .330 .328 2.571 2.776 
28 2.11 1.74 .263 .256 1.164 .854 
29 2.41 2.17 .443 .386 .069 .103 
30 2.46 2.21 .563 .567 .030 .056 
31 1.23 .97 .428 .490 1.645 2.206 
32 2.51 2.17 .327 .255 .069 .071 
33 1.12 1.10 .741 .555 1.383 1.536 
34 2.29 1.97 .396 .375 .020 .041 
35 1.16 1.20 .642 .506 1.880 1.183 
36 2.95 2.14 .343 .268 .911 .982 
37 1.08 - .618 - 2.110 -
38 2.45 2.02 .270 .220 1.037 .831 
39 2.65 2.32 .450 .504 .109 .074 
40 2.60 2.51 .536 .590 .156 .114 
41 2.37 2.23 .549 .427 .025 .053 
42 1.21 1.07 .379 .275 .126 .061 
43 2.35 2.67 .506 .624 1.044 1.222 
